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ABSTRACT 
Mobile elements comprise approximately 50% of the human genome and have 
significant influence on human genomic architecture and stability. SINEs (Short 
INterspersed Elements) are a class of non-autonomous mobile elements that are usually 
<500 bp in length and have no open reading frames. As the most successful SINEs in 
primate, Alu elements have expanded to more than one million copies in the human 
genome. To understand the biology of Alu family of mobile elements, we first analyzed 
the AluYd lineage in the human genome. Computational analysis of the AluYd lineage 
from the human genome draft sequence resulted in the identification of two new AluYd 
subfamilies, Yd3 and Yd6. Two hundred AluYd3 and Yd6 loci were screened to 
determine their phylogenetic origin and associated levels of human genomic diversity. 
Second, we examined the mutation spectra of Alu elements in the human genome. We 
analyzed the mutation patterns for 5296 Alu elements comprising 20 subfamilies. Our 
results indicate a relatively constant CpG versus non-CpG substitution ratio of ~6 for the 
young (AluY) and intermediate (AluS) Alu subfamilies and a more complex non-linear 
relationship when older (AluJ) subfamilies were included in the analysis. This study 
provides an updated, more accurate estimate of the disparity in the rate of mutation 
within Alu elements and provides a better understanding of the CpG decay process during 
primate evolution. Third, we analyzed the evolutionary history of AluYb lineage. We 
show that the major AluYb lineage expansion is human specific while the lineage 
originated in early hominoid evolution. We suggest that the evolutionary success of the 
Alu family may be driven at least in part by “stealth driver” elements that maintain low 
retrotranspositional activity over extended periods of time and occasionally produce 
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short-lived hyperactive copies responsible for the formation and remarkable expansion of 
Alu elements within the genome. Finally, we identified 285 Alu insertion loci that have 
Alu elements integrated in sixteen different Old World monkey genomes at various time 
and utilized these elements to construct a phylogenetic tree of Old World monkeys. Our 






















It is well recognized that the majority of eukaryotic genomes contain a large 
portion of non-coding regions that possess no known function. In the human genome, less 
than 2% of the genome is composed of gene coding regions (Lander et al. 2001; Collins 
et al. 2004). As a consequence, the initial conception of the human genome was that 
coding region islands float on a sea of non-coding regions that themselves were of no 
particular interest or significance. However, the non-coding regions are not just random 
sequence. A large variety of genetic components form the genomic landscape and our 
understanding of these regions remains incomplete. For example, comparative genomics 
has revealed a number of highly conserved sequence motifs shared among mammalian 
genomes which have no known function (Dermitzakis et al. 2003).  
Repetitive elements comprise approximately 50% of the human genome (Lander 
et al. 2001; Collins et al. 2004) and are abundant in other eukaryotic genomes as well. , 
The majority of these are mobile elements which are defined as DNA segments that can 
move from one genomic region to another. They were first discovered by Barbara 
McClintock in her study of the controlling element at the dissociation locus in the maize 
genome (McClintock 1956; McClintock 1984). There are two major types of mobile 
elements: transposons and retrotransposons. Transposons are DNA based mobile 
elements that mobilize in the genome using a “cut and paste” mechanism (Mizuuchi 1992; 
van Luenen et al. 1994). On the other hand, retrotransposons are believed to replicate 
themselves via an RNA intermediate and generate a new copy in the genome (Luan et al. 
1993; Feng et al. 1996; Moran et al. 1996). Due to their “copy and paste” behavior, 
retrotransposons accumulate much faster in the genome and have had a large impact on 
genomic composition and architecture (Deininger and Batzer 2002).   
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SINEs (Short INterspersed Elements) are a class of non-autonomous 
retrotransposons that are usually <500 bp in length and have no open reading frames. 
Most SINEs are derived from either the 7SL RNA gene or tRNA genes and are 
ubiquitous in all mammalian genomes examined so far as well as in many non-
mammalian genomes (Okada 1991; Deininger and Batzer 1993; Deininger and Batzer 
2002). The Alu family of retrotransposons is the most successful SINE in primate 
genomes. During the last 65 million years, Alu elements have enjoyed remarkable 
proliferation during the primate radiation and have expanded to more than one million 
copies in the human genome (Lander et al. 2001; Batzer and Deininger 2002). Alu 
elements were originally identified as a component in human DNA renaturation curve 
(Schmid and Deininger 1975; Houck et al. 1979). Full length Alu elements are ~300 bp 
long and were derived from 7SL RNA gene at an early stage of primate evolution, some 
65 million years ago. Each Alu element has a dimeric structure; the two halves of an Alu 
element are connected with an A-rich linker region. The typical Alu element has an 
internal RNA polymerase III promoter and a 3’ oligo(dA) rich tail. Alu elements are 
usually flanked by target site duplications (TSDs) that range in size from 4-20 bp and are 
considered a hallmark of retrotransposition events.  (Figure 1.1) 





Figure 1.1.  Alu element structure.  Internal RNA polymerase III promoter is indicated 




Even though there are over one million Alu elements within the human genome, 
only a small number of these elements are capable of movement. As a result of the 
limited amplification capacity of Alu elements, a series of discrete subfamilies of Alu 
elements that share common diagnostic mutations have been identified in the human 
genome (Slagel et al. 1987; Willard et al. 1987; Britten et al. 1988; Jurka and Smith 
1988).  A small subset of “young” Alu repeats are so recent in origin that they are present 
only in the human genome and absent from genomes of non-human primates.  Some of 
these “young” elements are still polymorphic with respect to insertion presence/absence 
in the diverse human genomes (Shen et al. 1991; Batzer and Deininger 2002). Compared 
with other genetic systems, such as microsatellites and mitochondrial DNA, Alu insertion 
polymorphisms offer several advantages: first, Alu elements are identical by descent and 
essentially homoplasy free markers with known ancestral state (absent); second, Alu 
insertions are neutral genetic loci; third, they are easy to genotype by a PCR based assay. 
Therefore, “young” Alu insertions are very useful markers for human population genetic 
analysis and the species-specific insertion of Alu elements in non-human primates can be 
used for studying primate phylogenetic relationship.  In chapter two,  I characterize the 
AluYd lineage (Jurka 2000) and identify two new Alu subfamilies (Yd3 and Yd6) that 
belong to this lineage. Individual members of these subfamilies will be useful tools for 
the study of human population genetics and primate systematics.  
In primate genomes more than 40% of CpG islands are found within repetitive 
elements (Lander et al. 2001), and they are generally heavily methylated. For Alu 
elements, CpG dinucleotides make up about 20% of their sequences.  It is generally 
believed that CpG mutations occur about ten times faster than non-CpG mutations due to  
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cytosine methylation and the subsequent deamination and conversion of C to T 
(Coulondre et al. 1978). Traditionally a ten time faster molecular clock has been applied 
for CpG mutations in Alu elements (Labuda and Striker 1989; Batzer et al. 1990). 
However, the age estimations obtained by CpG mutations or non-CpG mutations based 
on this ratio provide results that are appreciably and systematically different (Carroll et al. 
2001; Xing et al. 2003; Carter et al. 2004). This discrepancy suggests that the ten fold 
higher substitution rate may not accurately reflect the relationship between the CpG and 
nonCpG substitution density in Alu elements. In chapter three I report the analysis of 
5mCpG mutation patterns in 5296 Alu elements belonging to twenty Alu subfamilies in 
the human genome. This study is based on the largest dataset gathered to date for the 
5mCpG mutation analysis and aims at contributing to a better understanding of the CpG 
decay process during primate evolution as well as providing an updated, more accurate 
estimate of the neutral mutation rate disparity between CpG and nonCpG dinucleotides. 
Despite the considerable progress in the understanding of the biology and 
distribution of Alu elements throughout primate taxa (Singer et al. 2003; Salem et al. 
2003b; Carter et al. 2004; Hedges et al. 2004; Otieno et al. 2004; Roos et al. 2004; Ray et 
al. 2005), a great deal of uncertainty still remains concerning their strategy for survival. 
The amplification of most Alu elements is thought to occur through a small number of 
long-lived high activity “master” genes (Deininger et al. 1992; Deininger and Batzer 
1993), although there is considerable debate as to the details of this amplification strategy 
(Matera et al. 1990; Schmid 1993; Batzer et al. 1995; Cordaux et al. 2004; Price et al. 
2004). In this model, the mutations accumulated in the “master” genes are inherited by 
the copies they produced and consequently, a series of hierarchical Alu subfamilies that 
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share the novel diagnostic mutation(s) are generated (Slagel et al. 1987; Willard et al. 
1987; Britten et al. 1988; Deininger and Slagel 1988; Jurka and Smith 1988; Deininger et 
al. 1992; Batzer and Deininger 2002). On the other hand, the evolutionary history of the 
AluYa5 lineage, one of the most active human Alu lineages, suggests that the “founder” 
gene of this Alu lineage existed long before the major expansion of the lineage within the 
human genome (Leeflang et al. 1993). Contrary to the prediction of the “master” gene 
model, it has maintained low retrotranspositional activity and this “founder” gene itself 
may not be directly responsible for the propagation of the recent human AluYa5 elements 
(Shaikh and Deininger 1996). These studies suggest that the expansion of Alu elements 
may be the result of a more complex propagation mechanism. Unfortunately, aside from 
the AluYa5 lineage, little data exist concerning the evolutionary origin of other Alu 
subfamilies in humans, making it difficult to assess the wider significance of the results 
reported in the original AluYa5 lineage studies. To gain additional insight into Alu 
subfamily propagation, in chapter four I reconstructed the evolutionary history of the 
AluYb lineage, one of the largest and most active Alu lineages in the human genome 
(Jurka 1993; Carter et al. 2004) and proposed a revised stealth model of Alu amplification.  
Old World monkeys (family Cercopithecidae) represent one of the largest and 
most diverse primate families. The family contains at least 21 genera, minimally eleven 
in subfamily Cercopithecinae and at least nine in Colobinae (Groves 2001). Although the 
subfamily, tribe and subtribe level relationships inferred from the molecular based studies 
(Page et al. 1999; Page and Goodman 2001) are congruent with the morphological based 
classification (Delson 1992; Goodman et al. 1998) in general, considerable disagreement 
still exists for some relationships at the genus level (Delson 1992; Harris and Disotell 
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1998; Page et al. 1999). Moreover, the genus level structure of subfamily Colobinae is 
still in flux due to discordant evidence among different studies (Jablonski and Peng 1993; 
Zhang and Ryder 1998; Bigoni et al. 2003). Unlike the cercopithecids, only a few DNA 
sequence based studies have been performed concerning the branching order of the Asian 
colobines (Collura et al. 1996; Messier and Stewart 1997; Zhang and Ryder 1998), 
primarily due to the difficulty of obtaining DNA samples from these rare and endangered 
species. In chapter five, I identified 285 Alu insertion loci that have Alu elements 
integrated in sixteen different Old World monkey genomes at various times and utilized 
these elements to construct a phylogenetic tree of Old World monkeys. This study further 
demonstrates the power of SINE insertions in resolving primate phylogeny and is one of 
the strongest Cercopithecid molecular phylogenies reported to date.  
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Introduction 
The proliferation of Alu elements has had a significant impact on the architecture of 
primate genomes (Deininger and Batzer 1993; Deininger and Batzer 1999; Batzer and Deininger 
2002).  Alu elements comprise over 10% of the human genome by mass and are the most 
abundant short interspersed element (SINE) in primate genomes (Batzer and Deininger 2002).  
Because of their high copy number, Alu repeats have been a significant source of new mutations 
as a result of the insertion of the SINEs into primate genomes and post-integration recombination 
between elements (Deininger and Batzer 1999; Batzer and Deininger 2002).  However, it is also 
important to note that there is no known mechanism for the specific removal of Alu repeats from 
the human genome (Batzer and Deininger 2002) and only one partial deletion of an Alu element 
has ever been identified (Edwards and Gibbs 1992).  In addition, many Alu SINEs have been 
incorporated into the exons of genes within the human genome (Makalowski et al. 1994; Sorek 
et al. 2002).  Even though there are over one million Alu elements within the human genome, 
only a small number of them are capable of movement, which is done by a process termed 
retroposition (Deininger et al. 1992; Batzer and Deininger 2002).  The majority of Alu 
amplification occurred in the early age of  primate evolution, and the current rate of Alu 
retroposition is at least 100 fold slower than the peak of amplification that appears to have 
occurred 30-50 million years ago (Labuda and Striker 1989; Shen et al. 1991; Kapitonov and 
Jurka 1996; Batzer and Deininger 2002).   
As a result of the limited amplification capacity of Alu elements, a series of discrete 
subfamilies of Alu elements that share common diagnostic mutations have been identified in the 
human genome (Slagel et al. 1987; Willard et al. 1987; Britten et al. 1988; Jurka and Smith 
1988).  A small subset of “young” Alu repeats are so recent in origin that they are present in the 
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human genome and absent from the genomes of non-human primates, with some of the elements 
being polymorphic with respect to insertion presence/absence in the diverse human genomes 
(Shen et al. 1991; Batzer and Deininger 2002).  Individual SINE elements are generally thought 
to be homoplasy-free characters, therefore they are quite useful for resolving phylogenetic 
questions (Shedlock and Okada 2000; Batzer and Deininger 2002; Roy-Engel et al. 2002).  
However, it is also known that insertion homoplasy can occur across distantly related taxa as a 
function of evolutionary time and variable retroposition rates within various species. This can 
limit the application of SINEs to deep evolutionary questions  (Hillis 1999; Cantrell et al. 2001; 
Roy-Engel et al. 2002). Fortunately, the application of SINE elements to the study of human 
population genetics is thought to be homoplasy-free as a result of the short evolutionary time 
frame involved and the relatively low rate of Alu retroposition within the human genome (Batzer 
and Deininger 2002; Roy-Engel et al. 2002).  We have previously characterized a large number 
of recently integrated Alu elements found in the human genome that fall in three distinct 
lineages, termed Ya, Yb and Yc, based upon their diagnostic mutations (Batzer et al. 1990; 
Batzer and Deininger 1991; Batzer et al. 1991; Arcot et al. 1995; Arcot et al. 1995; Arcot et al. 
1995; Arcot et al. 1996; Arcot et al. 1997; Arcot et al. 1998; Roy et al. 1999; Roy et al. 2000; 
Carroll et al. 2001; Roy-Engel et al. 2001; Donaldson et al. 2002).  Here, we characterize two 
new Alu subfamilies (AluYd3 and AluYd6), both of  which are members of the Alu Yd lineage 
(Jurka 2000) and are characterized by three (Yd3) and six (Yd6) diagnostic mutations, 
respectively.  Individual members of these subfamilies will be useful tools for the study of 




Subfamily Size and Age 
 To estimate the copy number of the Yd3 and Yd6 Alu subfamilies, we preformed BLAST 
searches of the draft sequence of the human genome using an Alu Yd lineage-specific 
oligonucleotide to query the database (as outlined in the methods).  Using this approach we 
identified 198 unique Yd3 Alu family members and 97 unique Yd6 Alu elements.  Multiple 
alignments of the Alu elements from each family were constructed and the number of mutations 
from the consensus sequence for each Alu subfamily was determined.  In each case the mutations 
were divided into two classes: those occur at CpG dinucleotides, and those occur at non-CpG 
positions but excluding small insertions or deletions as described previously (Roy et al. 1999; 
Carroll et al. 2001; Roy-Engel et al. 2001).  The mutations are divided into these two different 
classes because the CpG base positions in repeated sequences mutate at a rate that is about 10 
times higher than non-CpG positions (Labuda and Striker 1989; Batzer et al. 1990) as a result of 
the spontaneous deamination of 5-methycytosine residues (Bird 1980).   
Two different mutation densities, one for CpG mutation and one for non-CpG mutation 
were calculated for each Alu Yd subfamily. For 198 elements from the Alu Yd3 subfamily the 
CpG and non-CpG mutation densities were 11.7 % (1159/9900) and 2.24% (977/43560), 
respectively. Using a neutral mutation rate of 1.5% per million years for the CpG base positions 
and 0.15% per million years for non-CpG positions (Miyamoto et al. 1987) along with the 
average mutation density yields age estimates of 8.02 + 4.51 (average + standard deviation) and 
14.95 + 7.22 (average + standard deviation) million years old for the Yd3 subfamily.  For the Alu 
Yd6 subfamily 97 elements were analyzed that contained a total of 5044 CpG nucleotides and 
21049 non-CpG nucleotides that contained 89 CpG and 104 non-CpG mutations. The mutation 
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densities of the Yd6 subfamily were 1.76% and 0.49% for the CpG and non-CpG nucleotides 
yielding age estimates of 1.20 + 1.44 (average + standard deviation) and 3.29 + 3.46 (average + 
standard deviation) million years based on the average mutation density. The difference between 
the two age estimates based on CpG and non-CpG mutation density presumably reflects the 
heterogeneous level of methylation throughout the genome influencing the CpG mutation spectra 
of the individual Alu elements differently (Jabbari and Bernardi 1998).  Alternatively, it may also 
reflect that a higher level of sequence errors artificially inflating the non-CpG based age 
estimates since four times as many non-CpG base positions are surveyed in each element and 
have the potential to artificially inflate the age estimates (Carroll et al. 2001; Roy-Engel et al. 
2001).    
A total of only 10 Alu insertion polymorphisms were recovered from the Yd3 and Yd6 
subfamilies. As a result of the small number of polymorphic elements a comparison of the 
average age of the polymorphic members of each subfamily to the remainder of the subfamily to 
determine if the polymorphic elements appear more recent in origin would have a very large 
standard error.  This is in good agreement with prior of analyses of Alu Ya5 and Yb8 subfamily 
members in which no statistically significant difference in age estimates between polymorphic 
and monomorphic elements was found (Carroll et al. 2001; Roy-Engel et al. 2001).  However, 
even with the small sample sizes reported here the polymorphic members of the Yd6 subfamily 
have a lower average estimated age (329 thousand years old) than the two polymorphic Yd3 Alu 
elements (2.05 million years old). 
Evolutionary Analysis 
 In order to determine the evolutionary origin of each of the Alu Yd3 and Yd6 subfamily 
members, we performed a series of PCR reactions using non-human primate DNA samples as 
 16
templates.  However, not all of the loci identified in the draft sequence were amenable to PCR 
analysis, as many of them had inserted into other repetitive regions of the genome making the 
design of unique PCR primers in the flanking region impossible.   
For the Yd3 subfamily, 133 of the 198 elements identified in the draft human genomic 
sequence were amplified by PCR.  Examination of the orthologous regions of the various species 
genomes displayed a series of different PCR patterns which indicated the time of 
retrotransposition of each element into the primate genomes.  Results from a series of primate 
panel PCR reactions are shown in Figure 2.1. In the figure, there is a gradient of Yd3 Alu repeats 
beginning with some elements that are recent in origin and unique to the human genome (e.g. 
Yd3JX682) and ending with elements that are found within all ape genomes (e.g. Yd3JX757).  It 
is also interesting to note the slightly larger empty allele that is amplified from the owl monkey 
genome for Alu Yd3JX654.  The molecular basis for this slightly larger allele is unknown, but it 
probably is the result of the expansion of a simple sequence repeat contained within the pre-
integration site that only occurred in the owl monkey genome.  The distribution of all the Yd3 
elements in various primate genomes is summarized in Appendix B1.   
For the Alu Yd6 subfamily, 68 of the 97 elements were amenable to PCR.  All of the Yd6 
Alu family members were restricted to the human genome (that is absent from the genomes of 
non-human primates) with the apparent exception of a single locus Yd6JXH14.  In this case the 
Alu element was polymorphic in humans and appeared to be present in the owl monkey genome 
(Figure 2.2). The distribution of all the Yd6 elements in various primate genomes is summarized 
in Appendix B2.    
In order to determine the molecular nature of the Yd6JXH14 locus we cloned and 
sequenced the PCR product from the owl monkey genome. Using this approach we determined 
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 Figure 2.1 
Figure 2.1.  Phylogenetic analysis of the expansion of the Alu Yd3 subfamily.  This figure 
consists of several agarose gel chromatographs used to determine the phylogenetic distribution of 
individual Yd3 Alu subfamily members.  The photographs are oriented so that the locus at the 
top is the most recent in origin and the locus at bottom is the oldest.  Alu Yd3JX757 is found 
within the genomes of all apes indicative of its relatively ancient origin.  By contrast Alu 
Yd3JX682 is only found in the human genome and is absent from all non-human primates.  The 
expansion of the Alu Yd3 family began about 20 million years ago and has continued at a low 
level within ape genomes throughout primate evolution.  
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 Figure 2.2 
Figure 2.2.  Parallel independent Alu insertions at the Yd6JXH14 locus.  The upper portion 
of this figure shows a schematic diagram of the parallel insertion of Alu Yd6JXH14 in the human 
genome and an Alu Sq subfamily member in the owl monkey genome that both occurred in the 
same 150bp region of the genome.   The schematic depicts the insertion of the Yd6 Alu in the 
antisense orientation while the Alu Sq element inserted in the sense orientation at a different part 
of the 150bp region.  The bottom part of the figure shows an agarose gel chromatograph with a 
tree of primate evolution superimposed on it.  The human genome that was assayed for the 
presence of Alu Yd6JXH14 was heterozygous for the presence of this Alu element.  All of the 
other non-human primate genomes do not contain any Alu element within this 150bp region 
aside from the owl monkey genome.  The blue star denotes the approximate time of primate 
evolution when the insertion of the Alu Yd6 element in this locus could have occurred. The 
parallel insertion of the Alu Sq subfamily member may have occurred at any point in time since 
the divergence of humans from new world monkeys as denoted by the yellow arrows.   
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that two parallel insertions had occurred independently within the human and owl monkey 
genomes (Figure 2.2).  The Alu element within the owl monkey genome integrated at a different 
site within the same short region but has different direct repeats from the human Alu repeat and 
was actually a member of the older Alu Sq subfamily. Therefore, this locus has been subjected to 
two parallel independent Alu insertions, one on the human lineage and one on the owl monkey 
lineage.  This type of parallel independent insertion of Alu repeats into the same 100-200 bp 
region of primate genomes is a relatively rare event, particularly across shorter evolutionary time 
frames (Roy-Engel et al. 2002).  However, the current rate of retrotransposition in the owl 
monkey genome may be significantly faster than that in the human genome making these types 
of events much more common (Roy-Engel et al. 2002). 
Gene Conversion 
Gene conversion between Alu elements and in other regions of the human genome exerts 
a significant influence on the accumulation of single nucleotide polymorphism within the human 
genome (Roy et al. 2000; Batzer and Deininger 2002).  To estimate the frequency of gene 
conversion in the Alu Yd3 and Yd6 subfamily members, we compared the sequences of the 
elements found in the human genome to the consensus sequences of other young Alu subfamilies 
(e.g. Ya5/8, Yb8/9).  Using this approach, we identified two Alu Yd3 subfamily members that 
appeared to have been subjected to partial gene conversion at their 3’ ends.  Alu Yd3JXD13 
contains three mutations that are diagnostic for the Yb8/9 subfamily.  Similarly, Alu Yd3JXD17 
contains two Alu Yb8/9 mutations.  Each of the sequence exchanges occurred in a short 
contiguous sequence suggesting that they were products of gene conversion rather than 
homoplasic point mutaions.  It is also interesting to note that the Alu Yb8/9 subfamily was 
involved in both the sequence exchanges.   
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Human Genomic Diversity 
 To determine the human genomic diversity associated with each of the Alu Yd3 and Yd6 
subfamily members, we performed a series of PCR reactions on a collection of 80 
geographically-diverse human genomes.  Using this approach, we identified ten new Alu 
insertion polymorphisms from the loci analyzed in this report.  The insertion allele frequencies, 
heterozygosities and genotypes for the Alu insertion polymorphisms are shown in Table 2.1.  
Eight of the ten Alu insertion polymorphisms were intermediate in frequency elements and thus 
should prove useful for the analysis of human genomic diversity.  All but two of the newly 
identified Alu insertion polymorphisms were members of the Alu Yd6 subfamily. 
Discussion 
Our detailed analysis of the Alu Yd lineage resulted in the recovery of two new Alu 
subfamilies termed Yd3 and Yd6.  Each of these Alu subfamilies is characterized by a series of 
distinct diagnostic mutations, and they both have relatively small copy numbers within the 
human genome.  Some members of each subfamily are polymorphic with respect to insertion 
presence in the human genome.  This suggests that each subfamily has been generated by 
“master” or source Alu elements that were capable of retrotransposition within the human lineage 
over the last 4-6 million years since the divergence of humans and African apes.  However, the 
proportion of polymorphic elements within each subfamily is quite low, with only 1.5% of the 
Yd3 elements and 12% of the Yd6 elements being polymorphic.  In contrast, many other young 
Alu subfamilies have levels of insertion polymorphism in excess of 20% (Batzer and Deininger 
2002).  Therefore, the amplification of these Alu subfamilies within the human genome has 
occurred at a very low rate, and may have recently ceased entirely.  The reason for the low level 
of retrotransposition within these subfamilies is unknown, but may be related to the
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Table 2.1. Human genetic diversity of Yd3 andYd6 subfamily members 
 
African American Asian European Egyptian/South American   
Genotypes Genotypes  Genotypes Genotypes 




frequency                       
Yd6JXH34 2                   11 7 0.38 0.48 2 6 12 0.25 0.38 0 5 15 0.13 0.22 2 2 16 0.15 0.26 0.34
Yd6JXH44                    12 4 3 0.74 0.40 18 1 0 0.97 0.05 4 8 8 0.40 0.49 10 5 5 0.63 0.48 0.36
Yd6JX35 0                   7 13 0.18 0.30 2 12 4 0.44 0.51 5 8 7 0.45 0.51 2 7 11 0.28 0.41 0.43
Yd6JX352                    11 7 2 0.73 0.41 20 0 0 1.00 0.00 20 0 0 1.00 0.00 20 0 0 1.00 0.00 0.10
Yd6JX455                    3 12 5 0.45 0.51 11 8 1 0.75 0.38 6 9 5 0.53 0.51 5 10 5 0.50 0.51 0.48
Yd6JX90 12                   7 1 0.78 0.36 15 2 0 0.94 0.11 20 0 0 1.00 0.00 19 1 0 0.98 0.05 0.13
Yd3JXD19                    10 5 5 0.63 0.48 12 4 3 0.74 0.40 5 9 4 0.53 0.51 9 5 5 0.61 0.49 0.47
Yd3JX437 2 6                   2 4 0.33 0.48 9 6 2 0.58 0.50 0 2 18 0.07 0.08 1 5 14 0.18 0.29 0.34
B. High frequency                       
Yd6JXH14 17                   2 0 0.95 0.10 17 1 0 0.97 0.06 18 2 0 0.95 0.10 19 1 0 0.98 0.05 0.08
C. Low frequency                       
Yd6JX456 0                   3 14 0.09 0.17 0 0 17 0.00 0.00 0 0 20 0.00 0.00 0 0 20 0.00 0.00 0.04
1.  This is the unbiased heterozygosity.   
2.  For locus Yd3JX437, the allele frequency and heterozygosity take into account sex differences. 
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short deletion in the elements that is characteristic of the Alu Yd lineage.  This short deletion 
results in an altered Alu RNA secondary structure (Zietkiewicz et al. 1994) that may have 
decreased the retroposition capacity of Alu Yd elements by altering transcription, or priming for 
reverse transcription (Zietkiewicz et al. 1994; Zietkiewicz et al. 1999). 
The estimated average ages of 8.02–14.95 and 1.20-3.20 million years old for the Alu 
Yd3 and Yd6 subfamilies respectively are consistent with their relatively recent origin in primate 
genomes.  The estimated age for the Alu Yd6 subfamily is in good agreement with what would 
be expected for a group of Alu repeats that are restricted to the human genome, since human and 
non-human primates are thought to have diverged from each other 4-6 million years ago 
(Miyamoto et al. 1987; Stewart and Disotell 1998).  By contrast, some members of the Alu Yd3 
subfamily are dispersed throughout the genomes of all hominoids (humans, greater and lesser 
apes) suggesting that this subfamily of Alu elements began to amplify about 18-20 million years 
ago.  Therefore, the Yd3 subfamily appears to have been retroposition competent during 
hominoid evolution, but must have been relatively inefficient at producing copies.  Although the 
rate of Yd3 amplification has not been dramatic within the human lineage, it may be quite 
interesting to recover Alu Yd3 subfamily members from other ape genomes and to determine 
their amplification rate in these genomes to see if there has been any differential amplification of 
these elements in non-human primate genomes.  The differential amplification of ID SINEs 
within various members of the rodent lineage has been reported previously suggesting that the 
amplification of SINEs within various genomes is subject to changes in the source or “master” 
copy for the subfamily (Kim et al. 1994; Kim and Deininger 1996).  In addition, the 
identification of a number of recently integrated Yd3 Alu fossils in non-human primate genomes 
may provide a rich source of elements for the study of primate phylogenetics, similar to the 
SINE fossils previously utilized to study the phylogenetics of whales and artiodactyls (Murata et 
al. 1993; Shimamura et al. 1997; Nikaido et al. 1999; Nikaido et al. 2001). 
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Several members of the Alu Yd3 and Yd6 subfamilies were polymorphic for insertion 
presence or absence. Alu insertion polymorphisms have proven useful in a number of studies of 
human population genetics (Perna et al. 1992; Batzer et al. 1994; Hammer 1994; Batzer et al. 
1996; Stoneking et al. 1997; Novick et al. 1998; Comas et al. 2000; Jorde et al. 2000; Nasidze et 
al. 2001; Watkins et al. 2001; Battilana et al. 2002; Romualdi et al. 2002).  Individual Alu 
insertion polymorphisms are useful tools for the study of human population genetics since the 
Alu alleles are generally thought to be reliable, homoplasy free characters (Roy-Engel et al. 
2002) with a known ancestral state (Perna et al. 1992; Batzer et al. 1994).  In addition, there is 
no known mechanism for the site-specific deletion of Alu insertions from the human genome 
(Perna et al. 1992; Batzer et al. 1994).  Therefore, detailed studies of the newly identified Alu 
insertion polymorphisms reported here should prove useful for human population genetics and 
forensic genomics. 
The gene conversion events that involved two Alu Yd3 subfamily members were quite 
interesting. In both cases, only a small portion of the 3’ end of the Yd3 elements were involved 
in the gene conversion.  This is in good agreement with the molecular nature of gene conversion 
events recently reported for the Ya5 and Yb8/9 Alu subfamilies (Batzer et al. 1995; Kass et al. 
1995; Roy et al. 2000; Carroll et al. 2001; Roy-Engel et al. 2001).  The detection of two gene 
conversion events from about three hundred Yd3 and Yd6 Alu elements suggests that gene 
conversion of these events has been relatively low, with a rate of 0.66%.  However, this rate is 
comparable to that reported previously for the Alu Ya5 and Yb8 subfamilies within the human 
genome, as well as that for the Ta subfamily of human LINE elements (Batzer et al. 1995; Kass 
et al. 1995; Roy et al. 2000; Carroll et al. 2001; Roy-Engel et al. 2001; Myers et al. 2002).  In 
both cases, the Yd3 Alu family members that were involved in the gene conversion were 
monomorphic for insertion presence within the human genome.  In fact, one of the elements 
(Yd3JXD13) was quite old, as it is also found at orthologous positions in all ape genomes.  The 
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second element (Yd3JXD17) was found in orthologous positions in the genomes of the bonobo, 
common chimpanzee and gorilla.  In both cases, the Yd3 Alu repeats were gene converted by 
Yb8/9 Alu elements.  The Yb8/9 Alu subfamily was one of the first groups of Alu repeats that 
was ever reported to be involved in gene conversion, and may be more prone to these types of 
events as a result of a retroposition rate that is slightly higher than other recently integrated Alu 
subfamilies in the human genome (Batzer et al. 1995; Kass et al. 1995; Roy et al. 2000; Roy-
Engel et al. 2001; Roy-Engel et al. 2002).  The gene conversion between Alu elements may in 
part be a function of the length of time that the individual Alu elements have resided in the 
human genome (Roy et al. 2000; Roy-Engel et al. 2002).  Approximately three hundred 
individual Yd3 and Yd6 Alu elements were analyzed in this report.  The identification of a 
paralogous Alu insertion involving an Alu Yd6 element in humans and Alu Sq element in the owl 
monkey genome is not surprising.  The paralogous insertion of an Alu repeat into the orthologous 
regions of human and non-human primate genomes is an independent evolutionary event (Roy-
Engel et al. 2002).  To date there are no known cases of the independent insertion of paralogous 
Alu elements into identical sites within different genomes.  The detection of parallel insertions is 
a function of the retrotransposition rate of Alu elements within various primate lineages and the 
time since the most recent common ancestor (Roy-Engel et al. 2002).  Therefore, as more Alu 
elements are characterized there is a greater chance for the detection of parallel forward 
insertions.  However, we still do not have any data that strongly support the idea of hotspots for 
the integration of Alu repeats within primate genomes.  Future studies on the integration of 
different families of SINE elements in syntenic regions of human and rodent genomes may yield 




Materials and Methods 
Computational Analysis 
Alu Yd elements were identified in the draft sequence of the human genome (August 6, 
2001, UCSC GoldenPath assembly) using a Basic Local Alignment Search Tool (BLAST) 
(Altschul et al. 1990) queries of the draft sequence to identify exact complements to the 
oligonucleotide 5’-AGACCACGGTGAAAC-3’ that is diagnostic for the Yd lineage as shown in 
Figure 2.3.  We then performed a multiple alignment of all 1268 of the Alu Yd subfamily 
members to identify new subfamilies within the Yd lineage. In addition, we preformed similar 
searches of the non-redundant and high throughput databases at GenBank and merged all of the 
results into a comprehensive list of unique Alu Yd3 and Yd6 subfamily members. Using this 
approach we identified 220 Yd subfamily members (198 of which were unique) that shared three 
 
Figure 2.3 
Figure 2.3.  Sequence alignment of Alu Yd subfamilies. The consensus sequence for the Alu 
Yd subfamily is shown at the top and includes the characteristic deletion from the Y subfamily as 
dashes.  The sequences of progressively younger Alu Yd subfamilies are shown below.  The dots 
below represent the same nucleotides as the consensus sequence.  Deletions are shown as dashes 
and mutations are shown as the correct base for each of the families.  Each of the newer 
subfamilies such as Yd3 or Yd6 have all of the mutations of the ancestral Yd Alu elements along 
with 3 or 6 additional mutations that are diagnostic for the particular Alu subfamily 
(respectively). 
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diagnostic base positions and comprised the Alu Yd3 subfamily and 101 elements (97 of which 
were unique) that shared six diagnostic base positions and comprise the Alu Yd6 subfamily.  
Each of the subfamilies was named in accordance with standard nomenclature for new Alu 
subfamilies (Batzer et al. 1996).  All of the exact complements to the oligonucleotide queries 
along with 1000bp of flanking unique DNA sequence were excised and stored as individual files 
and subjected to additional analysis as outlined previously (Roy et al. 1999; Carroll et al. 2001; 
Roy-Engel et al. 2001).  A complete list of all the Alu elements identified in the searches is 
located on our website (http://batzerlab.lsu.edu) under Publications. 
Oligonucleotide Primer Design and PCR Amplification 
Polymerase chain reaction (PCR) primers and reactions for each of the Alu Yd lineage 
loci analyzed were performed as previously described (Roy et al. 1999; Carroll et al. 2001; Roy-
Engel et al. 2001) using the primers and annealing temperatures shown in Appendix B1 and B2 
for Alu Yd3 and Yd6 subfamily members respectively.  Diverse human DNA samples were 
available from previous studies (Roy et al. 1999; Carroll et al. 2001; Roy-Engel et al. 2001).  
Additional human DNA samples from South America (human diversity panels HD 17 and 18) 
that contained individuals from the Andes, Brazil, Guyana and Venezuela were purchased from 
the Coriell Institute for Medical Research, Camden, NJ.  The cell lines used to isolate DNA 
samples were as follows: chimpanzee (Pan troglodytes), WES (ATCC CRL1609); gorilla 
(Gorilla gorilla) lowland gorilla Coriell AG05251B, Ggo-1 (primary gorilla fibroblasts) 
provided by Dr. Stephen J. O’Brien, National Cancer Institute, Frederick, MD, USA; bonobo 
(Pan paniscus) Coriell AG05253A; orangutan (Pongo pygmaeus) ATCC CRL6301; green 
monkey (Cercopithecus aethiops) ATCC CCL70 (old world monkey); and owl monkey (Aotus 
trivirgatus) OMK (OMKidney) ATCC CRL 1556 (new world monkey).  Cell lines were 
maintained as directed by the source and DNA isolations were performed using Wizard genomic 
DNA purification kit (Promega).  DNA samples from peripheral lymphocytes or tissue were 
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prepared from the gibbon (Hylobates lar) and siamang (Hylobates syndactylus).  Additional non-
human primate DNA samples (Pan troglodytes, Pan paniscus, Gorilla gorilla, Pongo pygmaeus, 
Macaca mulatta (old world monkey), Macaca nemestrina (old world monkey), Saquinus 
labiatus (new world monkey), Lagothrix lagotricha (new world monkey), Ateles geoffroyi (new 
world monkey) and Lemur catta (prosimian)) available as a primate phylogenetic panel 
(PRP00001) were purchased from the Coriell Institute for Medical Research.  
Sequence Analysis 
DNA sequencing of the owl monkey Yd6JXH14 locus was performed on a gel purified 
PCR product that had been cloned into the TOPO Ta cloning vector (Invitrogen) using chain 
termination sequencing (Sanger et al. 1977) on an Applied Biosystems 3100 automated DNA 
sequencer.  The sequence of the owl monkey Yd6JXH14 orthologous locus (that contained a 
paralogous Alu element) has been assigned accession number AF533969.  Sequence alignments 
for Yd6JXH14 and all of the Yd3 and Yd6 subfamily members were performed using MegAlign 
software (DNAStar version 3.1.7 for Windows 3.2).  The ages for each of the Alu Yd subfamilies 
were calculated as previously described (Batzer et al. 1990; Batzer et al. 1995; Roy et al. 1999; 
Carroll et al. 2001; Roy-Engel et al. 2001).  Multiple sequence alignments that contain all of the 
members of the Yd3 and Yd6 subfamilies can be found on our website (http://batzerlab.lsu.edu) 
under Publications.   
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Introduction 
Deoxycytosine methylation is the most common epigenetic modification within 
vertebrate genomes. It has been implicated in many important functions, such as 
regulation of gene expression, control of development and repressing transposable 
elements (Schmid 1998; Paulsen and Ferguson-Smith 2001). On the other hand, aberrant 
DNA methylation patterns and methylation-induced mutations have also been associated 
with multiple diseases, particularly with the development of cancers (Greenblatt et al. 
1994; Paulsen and Ferguson-Smith 2001). Deoxycytosine methylation primarily occurs at 
the cytosine of a CpG dinucleotide, generating 5-methyl cytosine (5mC). In different 
vertebrate genomes, 60-90% of the CpG dinucleotides contain 5mC (Tweedie et al. 
1997). The 5mC at CpG sites mutates unidirectionally to thymine by spontaneous 
deamination at a much higher transition rate compared to nonCpG dinucleotides 
(Coulondre et al. 1978). This leads to a rapid decay of CpG sites, which is believed to be 
the cause of the observed deficiency in CpG dinucleotides and the corresponding increase 
in TpG and CpA dinucleotide frequency in vertebrate genomes. In the human genome, 
CpG dinucleotides are present only at about 20% of their expected frequency (Lander et 
al. 2001).  
In primate genomes more than 40% of CpG islands are found within repetitive 
elements (Lander et al. 2001), and they are generally heavily methylated. Alu elements 
represent the most successful SINE (Short INterspersed Element) within primates. With 
more than 1.1 million copies Alu elements comprise ~10% of the human genome by mass 
(Lander et al. 2001; Batzer and Deininger 2002). Several properties of Alu elements 
provide a unique opportunity to examine the CpG mutation history in the genome. First, 
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the CpG content in Alu elements accounts for up to 30% of the total 5mC sites in the 
human genome (Schmid 1991). Second, based on shared diagnostic nucleotide sites, Alu 
elements can be classified into specific subfamilies, which have expanded at different 
times during primate evolution (Batzer et al. 1996). The CpG mutation pattern of 
individual Alu subfamilies can thus be used as “snapshots” of the CpG mutational history 
at different time periods throughout primate evolution. Third, Alu elements are generally 
considered neutral loci that are not subject to selective pressure once fixed in the genome 
(Batzer and Deininger 2002). Finally, unlike pseudogenes and other genetic markers, the 
over 1.1 million copies of Alu elements are distributed widely throughout the genomic 
landscape. These elements not only provide a representative coverage of a variety of 
genomic locations, but also allow us to minimize sampling errors through the use of a 
large dataset. 
It is generally accepted that CpG mutations in Alu elements occur about ten times 
faster than non-CpG mutations, and traditionally a ten times faster molecular clock has 
been applied for CpG mutations (Labuda and Striker 1989; Batzer et al. 1990). However, 
the age estimations obtained by CpG mutations or non-CpG mutations based on this ratio 
provide results that are appreciably and systematically different (Carroll et al. 2001; Xing 
et al. 2003; Carter 2004). This discrepancy suggests that the ten fold higher substitution 
rate may not accurately reflect the relationship between the CpG and nonCpG 
substitution density in Alu elements.  
 Here we report the analysis of 5296 Alu elements belonging to twenty Alu 
subfamilies in human genome. This dataset allows us to trace the CpG mutation history 
back to the beginning of primate evolution, about 65 million years (myrs) ago 
 36
(Zietkiewicz et al. 1998). This study is based on the largest dataset gathered to date for 
the analysis of 5mCpG mutation patterns and aims at contributing to a better 
understanding of the CpG decay process during primate evolution as well as providing an 
updated, more accurate estimate of the neutral mutation rate disparity between CpG and 
nonCpG dinucleotides. 
Results 
Substitution Densities in Alu Elements  
The CpG and non-CpG substitution densities were analyzed for 5296 Alu 
elements from twenty subfamilies based on sequence alignments. The sample size of 
each subfamily, observed CpG and nonCpG substitution densities, and the observed 
ratios of CpG/non-CpG substitution density, R, of different subfamilies are shown in 
Table 3.1. For most of the young AluY subfamilies, the ratio R varies from 4.80 to 9.27. 
The single exception is the AluYa5a2 subfamily (R=43.77). The AluYa5a2 subfamily 
appears to be extremely young (only 10 mutations in the whole subfamily) and has the 
smallest sample size (33 elements) among all the subfamilies examined (Table 3.1). This 
suggests that the high R of AluYa5a2 may be due to sampling error arising from the 
limited number of mutations present in this very young subfamily. This is further 
corroborated by descriptive statistics, which indicate that the AluYa5a2 value lies well 
over 3 interquartile ranges beyond the third quartile of the dataset.  The AluYa5a2 
subfamily was therefore excluded from the subsequent analyses, yielding an average R 
for AluY subfamilies of 6.72. For the intermediate AluS subfamilies, R ranged from 5.42 
to 7.01 with an average of 6.18, similar to AluY subfamilies. By contrast, the oldest AluJ 
subfamilies exhibited substantially lower R values, with an average of 3.67 (Table 3.1).  
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density (SD) (%) 
Non-CpG 
substitution 




Ya5a2a 33 0.58 (1.21) 0.01 (0.07) 43.77 
Ya8b 33 1.45 (1.91) 0.16 (0.24) 9.27 
Yb9c 53 1.44 (1.90) 0.22 (0.37) 6.54 
Ya5d 488 3.16 (4.82) 0.50 (0.77) 6.73 
Yc1e 232 1.79 (2.89) 0.29 (0.48) 6.13 
Yb8d 290 2.87 (3.66) 0.48 (0.67) 7.37 
Yb7 i 153 1.43 (1.77) 0.30 (0.43) 4.82 
Yd6f 97 1.76 (2.07) 0.37 (0.44) 4.80 
Yg6g 156 2.64 (3.01) 0.40 (0.46) 6.55 
Yi6g 106 4.93 (4.10) 0.64 (0.96) 7.77 
Yd3f 193 12.74 (6.18) 1.89 (0.98) 6.73 
Ye5h 139 10.65 (5.00) 1.73 (0.86) 6.17 
Ydj 915 17.32 (7.03) 2.24 (1.24) 7.73 
Spj 209 29.75 (5.98) 4.25 (1.40) 7.01 
Scj 169 30.42 (6.73) 4.57 (1.52) 6.67 
Sgj 510 31.21 (6.56) 5.13 (1.75) 6.08 
Sqj 340 33.74 (6.30) 5.92 (1.87) 5.71 
Sxi 423 35.82 (6.09) 6.61(2.15) 5.42 
Jbj 399 41.40 (5.95) 10.64 (2.43) 3.90 
Joj 358 44.92 (5.72) 13.11 (2.82) 3.43 
References: a: (Roy et al. 2000); b: (Roy et al. 1999); c: (Roy-Engel et al. 2001); d: 
(Carroll et al. 2001); e: (Garber et al. 2005); f: (Xing et al. 2003); g: (Salem et al. 
2003); h: (Salem et al. 2003); i: (Carter et al. 2004); j: this study. 
SD: standard deviation. 
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The CpG Mutation Rate in Alu Elements Remains Constant for Young and 
Intermediate Alu Subfamilies 
 
By excluding AluJ subfamilies, the expected CpG and nonCpG substitution 
density of the young AluY and intermediate AluS subfamilies showed a good linear 
correlation (r2=0.98, p<0.0001) (Figure 3.1). This result indicates that during the time 
period that gave rise to AluY and AluS subfamilies nucleotide substitution can be treated 
as an approximately linear process, and the slope of the correlation (5.89) suggests that 
the CpG and nonCpG substitution densities exhibited a relatively constant approximately 
six-fold difference. One exception is AluYa8, which exhibited a CpG to nonCpG 
substitution density ratio of 9.27.  This deviation of the Alu Ya8 value is not surprising, 
however, given that, similar to AluYa5a2, Alu Ya8 has a small sample number (N=33) 
and contains relatively few mutations for accurate estimation of relative decay rates. 













Figure 3.1. CpG substitution densities (dcg) and nonCpG substitution densities (dncg) 
of AluY and AluS subfamilies exhibit a linear correlation. Correlation coefficient (r-
square) value and p value are shown. 
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We next designated the ratio of CpG to nonCpG mutation rates as alpha (µcg/ µncg). 
There is a subtle but important distinction to be made between R and alpha. R is the 
observed ratio of the substitution rates while alpha is the ratio of the absolute mutation 
rates. In a simple linear model, the mutation rate is equal to the substitution rate, thus 
these two values would be equivalent; however, once back-substitution of nucleotides 
and unidirectional CpG mutation are incorporated, the R value (dcg /dncg) changes as a 
function of time while alpha, the ratio of the actual mutation rates remains constant. 
Since R equals alpha under a linear model, we re-estimated the age of AluY and AluS 
subfamilies based on CpG sites using alpha=6 and compared the results with both 
nonCpG-based age estimates and CpG-based age estimates using alpha=10 (Table 3.2).  
Figure 3.2 illustrates that, for all the Alu subfamilies examined, age estimates based on 
alpha=6 are more consistent with nonCpG-based age estimates than are those based on 
the previously used alpha=10 (Labuda and Striker 1989; Batzer et al. 1990; Carroll et al. 
2001; Xing et al. 2003). For example, for AluYa5, one of the largest AluY subfamilies, 
the age estimates based on nonCpG substitution density and CpG substitution density 
with alpha=6 or alpha=10 were 2.33, 2.63 and 1.58 myrs respectively. For the AluSg 
subfamily the estimates were 34.23, 34.68 and 20.81 myrs respectively.  This analysis 
therefore suggests that a relatively constant six-fold higher CpG versus nonCpG 
substitution rate can generally be used in Alu subfamily age estimation and other 
applications for the CpG decay in Alu elements less than 50 myrs old. 
Increased Complexity for CpG versus NonCpG Decay in Older Subfamilies 
To further examine the relationship between CpG and nonCpG mutations, mean 
CpG substitution densities were plotted against mean nonCpG substitution densities for 
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Table 3.2. Age estimates of AluY and AluS subfamilies 
Alu Subfamily Age non-CpG (SD) (myrs) 
Age CpG (alpha=6) 
(SD) (myrs) 
Age CpG (alpha=10) 
(SD) (myrs) 
Ya8 1.07 (1.62) 1.61 (2.12) 0.97 (1.27) 
Yc1 1.95 (3.19) 1.99 (3.21) 1.20 (1.93) 
Yb9 1.47 (2.47) 1.60 (2.11) 0.96 (1.27) 
Yd6 2.45 (2.92) 1.96 (2.30) 1.18 (1.38) 
Yg6 2.68 (3.06) 2.94 (3.35) 1.76 (2.01) 
Yb7 2.00 (2.87) 1.59 (1.97) 0.95 (1.18) 
Yb8 2.33 (2.73) 2.89 (2.93) 1.73 (1.76) 
Ya5 2.33 (2.67) 2.63 (2.87) 1.58 (1.72) 
Yi6 4.24 (6.41) 5.48 (4.55) 3.29 (2.73) 
Yd3 12.61 (6.50) 14.15 (6.86) 8.49 (4.12) 
Ye5 11.53 (5.75) 11.83 (5.56) 7.10 (3.33) 
Yd 14.96 (8.27) 19.24 (7.82) 11.54 (4.69) 
Sp 28.31 (9.35) 33.06 (6.64) 19.83 (3.99) 
Sc 30.44 (10.14) 33.80 (7.48) 20.28 (4.49) 
Sg 34.23 (11.64) 34.68 (7.29) 20.81 (4.37) 
Sq 39.44 (12.44) 37.49 (7.01) 22.49 (4.20) 
Sx 44.10 (14.31) 39.80 (6.77) 23.88 (4.06) 
 
each Alu subfamily (Figures 3.3 and 3.4). To obtain an estimate of the expected ratio of 
CpG versus nonCpG decay over time, the substitution model of Jukes-Cantor (Jukes 
1969) was used to determine the substitution density at nonCpG sites. More modern 
analytical models (e.g. K2P) proved difficult to implement due to the complexity of  
dissociating CpG and nonCpG transitions and accounting for the recreation of CpG sites; 
these additional factors were therefore incorporated through computer simulation (see 













































Figure 3.2. Age estimates of AluY and AluS subfamilies based on different 
parameters. The Alu age estimates based on nonCpG substitution density, and CpG 
substitution density with alpha=6 and alpha=10.  
 
of CpG dinucleotides over time will result in a nonlinear decay of CpG sites. Thus, for 
CpG sites the decay kinetics can be approximated by dcg=1-e(-µcgt) (Labuda and Striker 
1989) in which µcg is the mutation rate at CpG sites (see Materials and Methods).      
The neutral nonCpG mutation rate of µncg = 0.0015 substitution/site/myr (Miyamoto 
et al. 1987; Nachman and Crowell 2000) and the CpG mutation rate calculated as µcg = 
(µncg * alpha) were used to estimate the expected CpG and nonCpG substitution densities 
over time using multiple values of alpha (5, 7.5, 10) . Since CpG-based age estimates of 
Alu subfamilies in the literature (using alpha=10) appear to be systematically lower than 
nonCpG-based age estimates (Xing et al. 2003; Carter 2004), we used an alpha value of 
ten for our upper boundary. When compared to the expected values, the observed curve 
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for the majority of Alu subfamilies fits best when a parameter of alpha =7.5 is used. 
However, the two AluJ subfamilies showed an apparent decrease in CpG decay that was 
more pronounced than what was expected under a constant alpha model (Figure 3.3). 
In order to incorporate the regeneration of CpG dinucleotides through back mutation 
and the disparity between transition and transversion rates, a computer simulation was 
developed wherein a group of Alu elements was allowed to evolve neutrally under a K2P 
model. The simulation allowed for the adjustment of alpha, the ratio of CpG to nonCpG 
mutation rate, as well as the rate of nonCpG mutation. Expected CpG substitution 
densities versus nonCpG substitution densities over 80 myrs were simulated with 
different alpha values (5, 7.5 and 10) and plotted on the graph (Figure 3.4) (see Materials 
and Methods for details). The expected curves represent the average of five independent 
simulation runs. Due to the population size of the elements being simulated, standard 
deviations were small (on the order of 10-3) and were not indicated on the graph. The 
resulting simulated expectation curves were similar to that observed in the analytical 
model. Although they more closely approximated the shape of the observed data, 
discrepancies were still apparent, indicating other factors are likely involved in the long 
term CpG decay process than were incorporated in either model.   
Discussion 
Due to the unidirectional decay of CpG dinucleotides, the deficit of CpG 
dinucleotides over time will result in a nonlinear decay of CpG dinucleotides. In our 
survey of over 5000 elements that represent most known Alu subfamilies, we observed 
the decay of R as expected for the majority of subfamilies. However, we found that the 





















Figure 3.3  
Figure 3.3. CpG substitution density versus nonCpG substitution density in 
examined Alu subfamilies as compared to analytical Jukes-Cantor model. CpG 
substitution densities (dcg) are plotted against nonCpG substitution densities (dncg). 
Triangles represent observed Alu subfamily values and a polynominal trendline is shown 
for the observed data. The broken line represents expected densities based on nonCpG 
and CpG mutation analytical models over 100 myrs with alpha values of 5, 7.5 and 10 



















Figure 3.4  
Figure 3.4 CpG substitution density versus nonCpG substitution density in 
examined Alu subfamilies as compared to simulation of Alu evolution. Triangles 
represent observed Alu subfamily values and a polynominal trendline is shown for the 
observed data. The broken line represents expected densities based on nonCpG and CpG 
mutation computer simulation over 80 myrs with alpha values of 5, 7.5 and 10 used for 
comparison.  
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when compared to expectations. This result indicates that our simple model, which held 
the actual CpG/nonCpG mutation ratio (alpha) and the neutral mutation rate to be 
constant, was not adequate for longer evolutionary time-scales (> 50myrs).  
Multiple factors could plausibly account for the deviation in the CpG decay observed 
in older Alu subfamilies. One factor that could explain a change of alpha is that the 
neutral nonCpG mutation rate did not remain constant during primate evolution. A 
molecular clock slowdown during primate evolution has previously been proposed by 
Goodman et al., (Goodman 1985) and additional studies have provided further support 
for this hypothesis (Bailey et al. 1991; Page and Goodman 2001; Yi et al. 2002). Such a 
change in the nonCpG mutation rate may have been the result of an increase in the 
average generation time of primates that resulted in fewer cell divisions and consequently 
fewer mutations per calendar year (generation time effect) (Goodman 1985). Other 
factors, like slower metabolic rates or improved DNA repair systems could have also 
contributed to lowered levels of mutation in the Hominidae lineage (Bailey et al. 1991). 
On the other hand, since the rapid CpG decay is primarily due to DNA methylation, 
factors that influence the neutral mutation rate (generation time, metabolic rate etc.) may 
not have as much influence on the CpG mutation rate as on the nonCpG mutation rate.  
To investigate this hypothesis, the simulation was adjusted to use different nonCpG 
mutation rates to account for the possible neutral mutation rate slowdown during primate 
evolution. Using different neutral mutation rates (Bailey et al. 1991) at nonCpG sites and 
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a constant alpha value (see Materials and Methods), Figure 3.5 illustrates that the 
simulation model can more closely approximate the observed data points.   
On the other hand, there may have also been an increase in the CpG mutation rate 
during primate evolution. It is well established that the majority of Alu elements were 
integrated into primate genomes 35 to 50 myrs ago (Britten 1994; Batzer and Deininger 
2002). For example, the major AluS subfamilies account for about 62% of the whole Alu 
family and are thought to have expanded throughout primate genomes during this period 
(Zietkiewicz et al. 1998). A burst of processed pseudogenes (Ohshima et al. 2003) and 
retroviruses (Sverdlov 2000) may have also occurred during the same time period, 
indicating an overall retrotransposon explosion at that time. Although the reason for the 
amplification burst remains unknown, the dramatic increase of retroelement proliferation 
must have had a substantial impact on primate genomes. As a result, primates likely 
underwent selective pressure for developing mechanisms to suppress retrotransposon 
expansion. Increased levels of DNA methylation may have been one such mechanism. 
Methylation can control retroelements in multiple ways (Schmid 1998), such as 
repressing the transcriptional activity of LINEs (Yu 2001) and increasing the mutation 
rate in CpG-rich retroelements such as Alu elements resulting in retrotranspositional 
quiescence (Batzer and Deininger 2002). One possible explanation for our data is that the 
CpG decay in the Alu family occurred in two major stages: first, there was a relatively 
slow CpG decay rate during early primate evolution. Next, due to the retroelement 
explosion 35 to 50 myrs ago, the rate of CpG methylation increased to counteract 
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retroelement proliferation, which resulted in a higher CpG decay rate. Subsequent to this 
period, the CpG decay rate has remained effectively constant and high. By holding the 
neutral nonCpG mutation rate constant at 0.0015 substitutions/site/myr and altering the 
alpha parameter from an initial value of 10.0 to 7.0 at the 35 myrs in our simulations, we 
can obtain an approximate fit for the observed data (Figure 3.6).   
Our results indicate that several factors are likely involved in the observed 
relationship between CpG and nonCpG decay in the human lineage. While a nonCpG 
mutation rate slowdown is well-documented, it is unlikely that this change is solely 
responsible for the observed decay pattern, as indicated by Figure 3.5. An additional 
possibility is that recruitment of the deoxycytosine methylation machinery is more 
efficient in elements that possess a larger proportion of CpG dinucleotides, perhaps due 
to a proximity effect. This would lead to decreased methylation and thereby decreased 
mutation of older, more decayed, Alu inserts compared to younger, CpG-rich elements,  
further exacerbating the nonlinearity of the decay process. The molecular mechanism 
underlying methylation is an active area of research, and it is difficult at present to assess 
the likelihood and/or extent of such a proximity based methylation effect. It is also 
important to consider that we are viewing primate mutational history through the lens of 
the human lineage; it will be interesting to see if a similar mutation pattern can be 
observed in the genomes of other non-human primate genomes. 
Since Alu elements represent 10% of the human genome and are heavily methylated, 














Figure 3.5. CpG substitution density versus nonCpG substitution density in 
examined Alu subfamilies with neutral mutation rate slowdown model. Diamonds 
represent observed subfamily values and the broken line represents expected CpG and 
nonCpG substitution densities based on nonCpG mutation slowdown model. Neutral 
mutation rate changes from 0.0035 substitutions/site/myrs to 0.00117 
















Figure 3.6. CpG substitution density versus nonCpG substitution density in 
examined Alu subfamilies with CpG mutation rate increase model. Diamonds 
represent observed subfamily values and the dashed line represents expected CpG and 
nonCpG substitution densities based on CpG mutation rate increase model. CpG/nonCpG 
mutation ratio, alpha, changes from 10.0 to 7.0 at approximately 35myrs. 
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results indicate that multiple processes will need to be accounted for in order to 
adequately measure CpG decay over extended evolutionary periods (>50myrs). However, 
our results lend strong support for an approximately sixfold difference in CpG versus 
nonCpG mutation acting over recent human evolution.  
Materials and Methods 
Data Collection and Multiple Alignments 
 Alu elements from twelve AluY subfamilies (Ya5, Ya5a2, Ya8, Yb7, Yb8, Yb9, 
Yc1, Yd3, Yd6, Ye5, Yg6 and Yi6) were obtained from previously published data (see 
table 3.1 for details). AluYd subfamily members and a random subset of seven AluS and 
AluJ subfamilies were retrieved from human genomic sequences from the July 2003 
release of the UC Santa Cruz draft sequence (http://genome.ucsc.edu/) using PERL 
scripts and output from “Repeatmasker” (http://www.repeatmasker.org/) software. 
Alignments among members of each subfamily were obtained using Clustal X 
(Thompson et al. 1997). The resulting multiple alignments were subjected to further 
manual adjustments by removing insertions and poly(A) tails from all Alu elements. 
Elements that contained deletions larger than 50bp and/or that could not be faithfully 
aligned were also excluded from the analysis. The alignment of each subfamily is 
available at our website (http://batzerlab.lsu.edu) under publications. Substitutions in 
individual Alu elements were recorded based on the consensus sequence of each 
subfamily (Batzer et al. 1996; Jurka et al. 2002) and divided into “CpG” and “non-CpG” 
substitutions using a PERL script. For CpG sites, only C to T or G to A mutations were 
counted. The CpG substitution density (dcg) and nonCpG substitution density (dncg) were 
obtained by dividing the total number of observed substitutions by the number of CpG 
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and nonCpG sites, respectively, based on the consensus sequence of each subfamily. The 
ratio of dcg/dncg is denoted as R. 
Expected Substitution Density in Alu Elements Using Analytical Model of Alu 
Sequence Evolution 
 
The substitution model of Jukes-Cantor (Jukes 1969) was used to determine the 
substitution density at nonCpG sites. The nonCpG substitution density within Alu 
elements can be described as: dncg = ¾(1-e -4/3*µncg*t), where µncg is the neutral mutation 
rate at nonCpG sites and t is the time in years of the Alu elements integration (or age of 
the elements). For CpG sites the decay kinetics can be described as dcg=1-e(-µcgt) (Sved 
and Bird 1990) in which µcg is the mutation rate at CpG sites. Thus, the expected ratio of 
CpG to nonCpG dinucleotide substitution density, designated here as Rexp is the quotient 
of the equations for dncg and dcg above:  
Rexp (t) = [1-e(-µcgt) ] / [¾(1-e -4/3*µncg*t) ] 
Expected Substitution Density in Alu Elements Using Computational Simulations of 
Alu Sequence Evolution 
 
One hundred perfect copies of AluY consensus were initially generated. For each 
evolutionary time increment (50,000 years), Alu elements accumulate nucleotide 
substitutions at designated mutation rates. For the nonCpG sites, the mutation process 
was simulated using a two-parameter reversible mutation model (K2P) (Kimura 1980) 
with mutation rate of 0.0015/site/myr (Miyamoto et al. 1987; Nachman and Crowell 
2000) and a 4X ratio of transitions to transversions (Li 1997). For the CpG dinucleotide, 
the CpG mutation rate was calculated as µcg = (µncg * alpha) to simulate the expected 
CpG substitution densities over time using multiple values of alpha (5, 7.5, 10). Once 
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mutated, CpG locations revert to the nonCpG rate unless they are reconstituted through 
back mutations.   
For the neutral mutation rate of the slowdown model, different neutral mutation rates 
were used during different windows of evolutionary time (Bailey et al. 1991). In detail, 
µncg = 0.0010 substitution/site/myr from 1 to 35 myrs and µncg = 0.0035 
substitution/site/myr from 36 to 80 myrs. The nonCpG mutation rate was held constant as 
0.00117 substitutions/site/myr, which is the estimated value for recent human evolution 
(Nachman and Crowell 2000). The expected CpG mutation densities and nonCpG 
substitution densities were plotted over 80 myrs with one myr intervals.  
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Introduction 
As the most successful SINEs (Short INterspersed Elements) in primate genomes, 
Alu elements have enjoyed remarkable proliferation during the primate radiation and 
have expanded to more than one million copies in the human genome (Lander et al. 2001; 
Batzer and Deininger 2002). Despite considerable progress in the understanding of their 
biology and distribution throughout primate taxa (Salem et al. 2003b; Singer et al. 2003; 
Carter et al. 2004; Hedges et al. 2004; Otieno et al. 2004; Roos et al. 2004; Ray et al. 
2005), a great deal of uncertainty still remains concerning their strategy for survival. It 
has been generally accepted that the amplification of most Alu elements occurs through a 
small number of long-lived high activity “master” genes (Deininger et al. 1992; 
Deininger and Batzer 1993), although there is considerable debate as to the details of this 
amplification strategy (Matera et al. 1990; Schmid 1993; Batzer et al. 1995; Cordaux et 
al. 2004; Price et al. 2004). In this model, the mutations accumulated in the “master” 
genes are inherited by the copies they produced and consequently, a series of hierarchical 
Alu subfamilies that share the novel diagnostic mutation(s) are generated (Slagel et al. 
1987; Willard et al. 1987; Britten et al. 1988; Deininger and Slagel 1988; Jurka and 
Smith 1988; Deininger et al. 1992; Batzer and Deininger 2002). On the other hand, the 
evolutionary history of the AluYa5 lineage, one of the most active human Alu lineages, 
suggests that the “founder” gene of this Alu lineage existed long before the major 
expansion of the lineage within the human genome (Leeflang et al. 1993). Contrary to the 
prediction of the “master” gene model, it has maintained low retrotranspositional activity 
and this “founder” gene itself may not be directly responsible for the propagation of the 
recent human AluYa5 elements (Shaikh and Deininger 1996). Thus, these studies suggest 
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that the expansion of Alu elements may follow a more complex propagation mechanism. 
Unfortunately, aside from the AluYa5 lineage, little data exist concerning the 
evolutionary origin of other Alu subfamilies in humans, making it difficult to assess the 
evolutionary significance of the results reported in the original AluYa5 lineage studies.  
To gain additional insight into Alu subfamily propagation, we reconstructed the 
evolutionary history of the AluYb lineage, one of the largest and most active Alu lineages 
in the human genome (Jurka 1993; Carter et al. 2004) that composes approximately 40% 
of the human-specific Alu elements (Hedges et al. 2004). This lineage, originally termed 
Sb2, is characterized by a seven-nucleotide duplication involving positions 246 through 
252 of the AluY consensus sequence (Jurka 1993; Batzer et al. 1996). The AluYb lineage 
in the human genome is subdivided into three major subfamilies: AluYb7, Yb8 and Yb9 
(Batzer et al. 1996; Roy-Engel et al. 2001; Jurka et al. 2002; Carter et al. 2004) based on 
diagnostic mutations following the standardized nomenclature for Alu repeats (Batzer et 
al. 1996). The majority of the human AluYb elements integrated into the genome during 
the last 3 to 4 million years (myrs) and reached a total copy number of about 2000 
elements (Carter et al. 2004). The human diseases caused by de novo AluYb8 insertions 
suggest that this subfamily is currently actively retrotransposing and a comprehensive 
analysis of the Yb lineage indicated that about 20% of AluYb elements are polymorphic 
in human genome (Muratani et al. 1991; Oldridge et al. 1999; Carter et al. 2004). 
Previous studies suggested that the evolutionary history of the AluYb lineage is much 
older than its period of major expansion in the human genome, and AluYb elements have 
also been identified in other non-human primates (Zietkiewicz et al. 1994; Gibbons et al. 
 57
2004). Nevertheless, the extent to which these elements are distributed among non-
human primate species remains undetermined.  
Using both a computational approach and polymerase chain reaction (PCR) 
display methodology, we have determined the distribution of AluYb elements in different 
hominoid genomes. We find that the long term evolutionary history of the AluYb lineage 
exhibits a pattern that is remarkably similar to that of the AluYa lineage. Thus, the 
evolution of the AluYa and Yb lineages illustrate a common strategy for Alu element 
proliferation. We propose a model for the expansion and survival of Alu elements in the 
primate order. 
Results 
AluYb Elements in the Common Chimpanzee Genome 
To determine the evolutionary history of the AluYb lineage, we first 
computationally retrieved all of the AluYb elements from the first draft of the common 
chimpanzee (Pan troglodytes) genomic sequence (panTro1 Nov. 2003 assembly). A total 
of twelve AluYb elements were identified and subjected to PCR amplification on a 
common chimpanzee population panel and a separate primate panel composed of human 
and eight additional non-human primates (see Materials and Methods). The number of 
AluYb elements recovered from the chimpanzee draft sequence is in good agreement with 
a previous study (Gibbons et al. 2004). Detailed information on each locus including 
primer sequences, annealing temperature, PCR product sizes and chromosomal locations 
are shown in Table 4.1. Among the twelve elements identified, ten belong to the AluYb8 
subfamily while the other two are non AluYb7/8/9 elements (Table 4.2). Out of the ten 
AluYb8 elements, four loci were specific to the common chimpanzee lineage including 
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Table 4.1. AluYb loci identified in this study 
 
 
Product size Namea Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’) Chr. Loc.
b 
in human Direct repeat A. T.
 c 
Filled Empty 
Pan1* ACCAAAATGCAGGTCTCTTGTT    CCTTTTCTTTATGCGCATTTCT 5 : 171753413 AAAACATCCTC 55 892 561
Pan2* CCTGGCCTATTGATGATTTTCT    
    
    
    
    
   
    
    
   
   
    
   
    
    
    
   
    
GCCTCAGAAGGAGTTTTGTTGT 12 : 42243314 AAAACTCCCTCTGAG 58.6 481 129
Pan3* CCGATATCATGCATTTTCCATA TGGCAAGAAAGACATGATTGAA 3 : 155790154 AAAAATAAATACCA 60 728 412
Pan4* AGGGCAATTACTATGTTTCAGGA TTTTTCACGTTCTTACAATAGAACA 18 : 66254955 ACAATAGAACATTCCT 55 403 52
Pan5* GCTTCATTTCTGCCTGCTTATT TCTGCAAATTTAACTCCAAACC 10 : 97871078 AAAAACAGCAAGT 55 504 181
Pan6* GGCATTTTAAGCTCTTTGATAGC CATGCTAGACATGAGAACAAACA 2 : 183429337 GAAATAGTTCCTGCT 60 749 257
Pan7* GCAGCTGCTTTCTGTCTCTGTA TCAGCAACAATAAGGAACGAAG 3 : 49401325 AAAAGAAACCAGTCAC 55 502 175
Pan8* CCCAGATTGATTCTTCCCTTTA ATGCCAGTTCCATTATTTCCAC 8 : 101149947 AAGAGAGAAGAAA 55 834 506
Pan9* CCAGGACCCAGAGCTTAGTAGT TCCAAAGGAATATGATGTCACAG 14 : 52808462 AAAGAAATTGATT 55 434 111
Pan10* TGTGGCAGATTTTATTGTAGACTT TCCATGCTCTTGGAGTAAATGA 4 : 72958275 AAAAAAATTCATCTG 55 500 174
Pan11* AGGAGCTCTTCTTAGAAAATCCA AAAGATCCACGACTAGGCACAT 2 : 214354697 AAAGAAAAAGGAAAAAAC 60 521 193
Pan12* CGTTAGCTCTGGATTTTTCATGT TATTCTCCACCATGACCAAGTG X : 93270745 AAAAATTAGCCGGGCA 60 871 548
Gorilla7# TGAAGAATTGGGAGGAAAAGAA ACTGCAAGATTGCTGTTCACAT 13 : 32666822 AAAAAATGACTAACAG 55 583 261
Gorilla8# GCACTCATCCGTACCTGACTTA TCAGAGCATCTCTTTCTGTCCA 2 : 229645741 AAAAAAGGAGGCAA 60 540 219
Gorilla16# AATTCTTTGGGGTAGGTGGAAT CACAACGTACACCCTAAAATGG X : 24004038 AAGAGTTGCAGTTGCTCA 55 531 202
Gorilla19# CAAGTTGTGTTATGTGAGGTTTTGA GGAGCCCTAATGTATAGCATGG 7 : 10262937 AAGAGAGTAGATCTT 59.5 597 279
Gorilla21# AACAAGAGATGCTAGAAAGCCAAT CGGAGTTGGACACATTTCTTTT 1 : 51666132 AAAGAAAGGAGGA 55 749 434
Pygmy4# GCAGTTTTTCCCATTTGCTCTA TTGAGTCTTTTTCTGGGCTTTC 2 : 130058820 AAGACTTACTATA 55 600 281
a. *: retrieved from chimpanzee genome draft sequence; #: identified using PCR display methodology. 
b. Chromosomal location. 
c. Annealing temperature. 
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Table 4.2. Primate phylogenetic PCR panel results for chimpanzee AluYb elements 
 








Orangutan   Gibbon Siamang Green Monkey Owl Monkey 
Pan1 Fixed Present (AluYb8) - 
Polymorphic 
(AluYb8) -      - - - x x
Pan2 Fixed Present  (AluYb6) + (AluYb6)        
        
        
        
        
        
        
        
        
        
        
+ (AluYb6) + (AluYb6) + (AluYb6) + (AluYb6) + (AluYb6) + (AluSg) x
Pan3 Fixed Present  (AluYb) + (AluYb) + (AluYb) + (AluYb) + (AluY) + (AluY) + (AluY) - x
Pan4 Fixed Present (AluYb8) + (AluYb8) + (AluYb8) + (AluYb8) - - - - -
Pan5 Polymorphic (AluYb8) - - - - - - - x
Pan6 Fixed Present (AluYb8) - + (AluYb8) - - - - - -
Pan7 Fixed Present (AluYb8) - + (AluYb8) - - - - - -
Pan8 Fixed Present (AluYb8) - - - - - - - -
Pan9 Fixed Present (AluYb8) - + (AluYb8) - - - - - -
Pan10 Fixed Present (AluYb8) - + (AluYb8) - - - - - -
Pan11 Polymorphic (AluYb8) - - - - - - - x
Pan12 Polymorphic (AluYb8) - - - - - - - -
+/-: Presence/Absence of Alu element;  x : no amplification 
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three elements that were polymorphic within the chimpanzee population panel (Figure 
4.1, Figure 4.2B). Five elements were shared between the pygmy chimpanzee and 
common chimpanzee lineage (Figure 4.2C) and one was present within human, 
chimpanzee and gorilla genomes. These results suggest that the initial expansion of the 
AluYb8 subfamily predates the divergence of gorillas and humans/chimpanzees, which is 
thought to have occurred ~7 myrs ago (Goodman et al. 1998). In addition, two non-
AluYb7/8/9 elements displayed PCR amplicon sizes consistent with the presence of an 






































































Figure 4.1  
Figure 4.1. Polymorphic AluYb8 elements in the common chimpanzee genome. Gel 
chromatographs of two loci are shown. The locus name is shown on the right of the 
picture. The product sizes for filled and empty alleles (pre-integration size) are indicated 
on the left of the picture. The DNA panel is composed of twelve unrelated common 
chimpanzee individuals and other primate species. The template used in each reaction is 






















































































Figure 4.2. Lineage specific AluYb8 insertions. Four examples of gel chromatographs 
are shown. The locus designation is shown on the right of the picture while the product 
sizes for filled and empty alleles (pre-integration size) are indicated on the left of the 
picture. The DNA template used in each reaction is listed on the top of the picture. (A) 
Pygmy chimpanzee specific AluYb8 insertion. (B) Common chimpanzee specific AluYb8 
insertion. (C) Chimpanzee lineage specific AluYb8 insertion. (D) Gorilla specific AluYb8 
insertion. 
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To confirm that the PCR products were derived from authentic AluYb elements, all 
of the filled amplicons were cloned and sequenced. This sequencing effort revealed 
additional insight into the evolutionary history of the following four loci: Pan1, Pan2, 
Pan3 and Pan4. At the Pan1 locus, an AluYb8 element was inserted into the chimpanzee 
lineage (pygmy and common) after the divergence of humans and chimps. However, the 
pygmy chimpanzee and common chimpanzee showed both filled and empty size 
amplicons in their PCR amplifications, suggesting the presence of an Alu insertion 
polymorphism in both species (Figure 4.3A). Sequence analysis of the locus showed that 
the AluYb8 element inserted immediately upstream of an AluSx element in the same 
orientation and that the integration site is partially shared (three copies of direct repeats). 
More recently, a non-homologous recombination or intra-chromosomal recombination 
event in the common chimpanzee genome generated a hybrid Alu element which is 
composed of the first half of the older AluSx element and the second half of the newly 
inserted AluYb8 element. In contrast, the smaller allele amplified in other primates 
appeared to be the pre-integration site of the AluYb8 element (Figure 4.3B).   
DNA sequence analysis of the Pan2 and Pan3 loci resulted in the recovery of two 
gene conversion events. The Pan2 locus appears to be the oldest Alu element that we 
recovered. PCR analysis of the locus showed the presence of an Alu element or filled 
allele in all the hominoid primates we examined. The green monkey also showed a filled 
size amplicon, but the amplicon was slightly smaller than the predicted size (Figure 4.4A). 
DNA sequence analysis showed that all hominoid primates possessed an AluYb element 
at the Pan2 locus with the AluYb lineage diagnostic duplication and five additional 




























































































Figure 4.3. Sequence analysis of the Pan1 locus. (A) The gel chromatographs of PCR 
amplification results are shown. The template used in each lane is listed on the top of the 
gel picture. The product sizes for filled and empty sites (pre-integration size) are 
indicated on the left of the picture. (B) Schematic diagrams for the possible evolutionary 
scenarios. Light blue triangles denote the amplicons with an AluYb8 insertion; orange 
crosses denote the pre-integration products and the yellow star denotes the recombination 
product in the common chimpanzee genome. Flanking sequences are shown as green 
boxes; target site direct repeats are shown in red and pink boxes. Alu elements are shown 
as arrows and the direction of arrow indicates the orientation (5’->3’) with the head of the 
arrow denoting the end of the Alu elements.  
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was found in the orthologous locus in green monkey. This result suggests that the AluYb6 
element (missing two diagnostic mutations compared to the AluYb8 consensus) at the 
Pan2 locus was introduced into the genome via a gene conversion event after the 
divergence of Old World monkeys and hominoids, but before the radiation of the 
hominoid primates. Thus, the AluYb6 element at the Pan2 locus is 18 to 25 million years 
old (Goodman et al. 1998). Given the sequence identity between the AluYb and the 
AluSg consensus sequences, we estimate that the starting point of the gene conversion 
event was located within the first 75bps of the Alu element and that the 3’ terminus was 
located between positions #267 and #310. 
The Pan3 locus also contains a gene conversion event (Figure 4.4B). Siamang, 
gibbon and orangutan possess an Alu element that does not contain the AluYb lineage 
diagnostic duplication and has the highest sequence identity to the AluY consensus. 
However, the Alu elements in the gorilla, chimpanzee and human genomes belong to the 
AluYb lineage, as indicated by the presence of the AluYb diagnostic duplication in these 
elements. This indicates that a gene conversion event occurred after the divergence of 
gorillas and orangutans but prior to the divergence of gorillas, humans and chimpanzees. 
During this process, a small proportion of the ancestral AluY element has been converted 
to an AluYb like sequence including the AluYb diagnostic duplication and another 
adjacent tightly linked diagnostic mutation. The gene converted region could be as small 
as 8bp (251-259) or as long as 30bp (237-267) in this case. Thus, the overall gene 
conversion rate (2/12) we observed here seems to be much higher than in previous studies 
(Maeda et al. 1988; Kass et al. 1995; Roy-Engel et al. 2002; Salem et al. 2003a). 
However, this is not surprising since the difference may be due to the small sample size 
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in the current study or reflect the longer evolutionary time period that each element may 
have been subjected to gene conversion.  













Siamang, Gibbon and Orangutan
















































































Figure 4.4. Gene conversion of AluYb elements. 
Gel chromatographs of PCR products derived from a phylogenetic analysis of the Pan2 
locus (A) and Pan3 locus (B) are shown on the left. The DNA template used in each lane 
is shown on the top of the gel picture. The product sizes for filled and empty alleles (pre-
integration size) are indicated on the left of the picture. The schematic diagrams depict 
the potential evolutionary scenarios on the right. Flanking sequences are shown as green 
boxes; target site direct repeats are shown in red boxes. Alu elements are shown as arrows 
and the direction of arrow indicates the orientation (5’->3’) with the head of the arrow 
denoting the end of the Alu elements.  
 
The Pan4 locus contains the oldest AluYb8 element we identified. Interestingly, 
the Pan4 AluYb8 element in the human genome only has one CpG mutation (G->A) at  
position #5 compared to the AluYb8 consensus sequence, while the chimpanzee and 
gorilla AluYb8 elements at the orthologous Pan4 locus each have accumulated 5 species 
specific mutations compared to the AluYb8 consensus sequence. Since no mutations are 
 66
shared by the human, chimpanzee and gorilla AluYb8 elements at the Pan4 locus, we 
believe that the ancestral AluYb8 element at the Pan4 locus was a canonical AluYb8 
element. Using the BLAT program (http://genome.ucsc.edu/cgi-
bin/hgBlat?command=start), we identified three additional AluYb8 elements in the 
human genome with 100% sequence identity to the Pan4 element. This result suggests 
that the Pan4 element may still be retrotranspositionally active in the human genome, 
although we can not completely rule out the possibility that these four elements 
independently mutated at position #5. Multiple alignments of the Pan1, Pan2, Pan3 and 
Pan4 loci are available on our website under publications (http://batzerlab.lsu.edu).  
AluYb Insertions in Other Primate Genomes 
 To further investigate the propagation of the AluYb lineage, we next searched for 
the presence of AluYb elements in additional non-human primate genomes. Since no 
complete draft genomic sequences are available other than human and common 
chimpanzee, we employed a modified PCR display method to identify AluYb elements 
from other primate genomes (see Materials and Methods).  The display procedure was 
performed for four hominoid primates: pygmy chimpanzee, gorilla, orangutan and gibbon; 
three Old World monkeys: green monkey, rhesus monkey and pig-tailed macaque. In 
addition, this approach was also applied to the common chimpanzee to identify additional 
AluYb elements absent from the common chimpanzee genomic sequence. Two restriction 
enzymes were used for every template and a minimum of 72 colonies were sequenced for 
each species. For the common chimpanzee, a total of seven AluYb elements were 
retrieved, all of which had previously been identified from the draft sequence. This 
suggested that our method involving two restriction enzymes yielded a ~60% coverage 
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(7/12) of the AluYb elements in the genome. One pygmy chimpanzee specific and five 
gorilla specific AluYb8 insertions were identified and confirmed by a PCR analysis of 
non-human primates (Figure 4.2A, D) and DNA sequencing. No AluYb element was 
recovered from the orangutan genome using the PCR display approach. The only locus 
identified within the gibbon genome was Pan2, which had been previously identified in 
the chimpanzee genome using the computational approach. Despite at least two trials for 
each species, no AluYb elements were identified in the three Old World monkeys (Green 
Monkey, Rhesus Monkey and Pig-tailed Macaque) examined. All of the new AluYb loci 
identified by PCR display are listed in Table 4.1.   
Age Estimates for the AluYb8 Insertions in Chimpanzee and Gorilla 
To estimate the average age of AluYb8 elements in chimpanzee genome, CpG and 
non-CpG mutation densities were calculated for ten chimpanzee specific AluYb8 
elements as reported previously (Xing et al. 2004) using the chimpanzee AluYb8 
consensus. The ten elements contained a total of nine non-CpG mutations out of 2420 
nucleotides and ten CpG mutations out of 460 CpG nucleotides. The mutation densities 
were 0.37% ± 0.30% (average ± standard deviation) and 2.17% ± 2.29% for the non-CpG 
nucleotides and CpG nucleotides, respectively. Using a neutral mutation rate of 
0.0015/site/myr for non-CpG sites and a mutation rate of 0.0090/site/myr for CpG sites 
(Xing et al. 2004), the average non-CpG and CpG mutation densities yield age estimates 
of 2.48 ± 2.03 and 2.42 ± 2.55 myrs, respectively. For the gorilla specific AluYb8 
elements, a total of five elements were analyzed. The mutation densities were 0.17% ± 
0.23% and 3.48% ± 3.30% for the non-CpG and CpG sites, yielding age estimates of 1.10 
± 1.51 and 3.86 ± 3.66 myrs, respectively.  
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Phylogenetic Analysis of AluYb Elements in the Human Genome 
The presence of AluYb8 elements in different primate genomes suggests that the 
origin of the AluYb8 subfamily may be much older than its major expansion in humans. 
In addition, the presence of AluYb8 but not AluYb7 or AluYb9 elements in the 
chimpanzee genome suggests that the AluYb8 subfamily may be the ancestral component 
of the human AluYb lineage and would therefore predate the other two major human 
AluYb subfamilies (i.e. AluYb7 and AluYb9). To test this hypothesis, we examined the 
phylogenetic relationships of the different components of the AluYb lineage in the human 
genome, using a median-joining network approach (Cordaux et al. 2004), as implemented 
in the software NETWORK 4.1 (Bandelt et al. 1999) available at http://www.fluxus-
engineering.com/sharenet.htm. From the AluYb elements identified by Carter et al. (2004) 
in the human genome, we removed truncated elements and members of the AluYb7, 
AluYb8 and AluYb9 subfamilies, leaving 36 previously unclassified AluYb elements. 
After deleting the middle A-rich region and poly-A tail of the elements, a network of the 
AluYb lineage was reconstructed using the 36 non-AluYb7/8/9 elements and the 
consensus sequences of the AluYb7, AluYb8 and AluYb9 subfamilies. Collectively, these 
three subfamilies comprise ~2000 copies. A preliminary analysis suggested that several 
nucleotide positions may have mutated more than once. Thus, the AluYb network was 
calculated with these putative hyper-variable positions down weighted to 1 (positions #64, 
#98 and #144) or 5 (position #174 and position #211), while other positions were given a 
weight of 10. The resulting network (Figure 4.5) shows that the AluYb8 subfamily 
occupies a central position in the network. In addition, the AluYb8 node is associated 
with the highest number of direct branches (9), as compared to the AluYb7 and AluYb9 
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nodes (4 branches each). Finally, 72% of the non AluYb7/8/9 elements are more closely 
related to AluYb8 than to AluYb7 or AluYb9. Taken together, these results are strongly 
suggestive that the AluYb8 elements are ancestral to the other AluYb subfamilies in the 








Figure 4.5. Median-joining network of the human-specific AluYb elements.  
The network of the AluYb lineage was reconstructed using the 36 non Yb7/8/9 elements 
and the consensus sequences of the Yb7, Yb8 and Yb9 subfamilies as representatives of 
these three subfamilies. Black circles denote sequence types. Reconstructed nodes are 
identified as empty circles. The size of circles indicates the number of Alu loci with this 
sequence type while arbitrary sizes were chosen for the Yb7/8/9 nodes to represent the 
relative sizes of the three subfamilies. Lines denote substitution steps, with a one-step 
distance being indicated in the lower-right corner. Broken lines indicate that the length of 




The Origin of the AluYb Lineage 
The AluYb lineage is one of the most active Alu lineages in the human genome 
with an estimated copy number of ~2,000 (Carter et al. 2004). To obtain further insight 
into the origin of the AluYb lineage in the primate order, we analyzed the draft sequence 
of the common chimpanzee genome and identified twelve AluYb insertions, ten of which 
are members of the AluYb8 subfamily, while the other two are non-Yb7/8/9 elements. 
The presence of an AluYb element at the Pan2 locus within siamang and gibbon genomes 
suggested the AluYb lineage originated before the divergence of all hominoid primates. 
However, no AluYb elements have been identified in multiple old world monkey 
genomes, thus the origin of the AluYb lineage was after the divergence of Old World 
monkeys and apes. These results place the origin of the AluYb lineage at the early stage 
of the hominoid evolution, about 18 to 25 million years ago (Goodman et al. 1998). It is 
worth noting that although the AluYb6 insertion at the Pan2 locus is the oldest AluYb 
element we identified, it was most likely generated via a gene conversion event. 
Therefore, it may not be the founder gene of the AluYb lineage but rather an early 
offspring of the AluYb founder gene, which was subsequently lost in extant primates. 
The Pan4 AluYb element appears to have been fixed in the human, chimpanzee 
and gorilla genomes and contains all eight diagnostic mutations that characterize the 
AluYb8 consensus sequence. This suggests that within the 10 myrs or so after the AluYb 
lineage initially arose, it was not very active in terms of retrotransposition, if at all. 
However, this lineage retained its retrotranspositional potential during this extended 
period of time. Furthermore, our results suggest that in gorilla and chimpanzee genomes, 
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the copy number of AluYb elements is two orders of magnitude lower than that in human. 
Therefore, over several million years following the insertion of the AluYb8 at the Pan4 
locus, the AluYb lineage still retained a very low retrotransposition activity (~1.5 fixed 
copies per myr in the chimpanzee genome) until the major expansion of the AluYb 
lineage in the human genome within the past 3-4 myrs (Carter et al. 2004; Xing et al. 
2004).  
The “Stealth Driver” Model of Alu Evolution 
The long evolutionary history of AluYb lineage leads to the conclusion that the 
AluYb lineage has remained in the genome with little or no retrotransposition activity for 
an extended period of time while retaining the ability to generate an appreciable number 
of new copies later in a species-specific manner (Figure 4.6). This scenario is different 
from the classic “master” gene model in which a “master” gene is defined as an element 
that is highly active over long periods of time (Deininger et al. 1992). In general, the 
amplification dynamics of the AluYb lineage show a striking similarity to that of the 
AluYa5 lineage (Leeflang et al. 1993; Shaikh and Deininger 1996). Although the 
existence of low activity Alu source genes has previously been suggested for the AluYa5 
subfamily (Shaikh and Deininger 1996), here we provide evidence that low 
retrotransposition activity Alu source genes should be recognized as a major factor 
driving Alu expansion and evolution.  
We propose a model of Alu evolution and retrotransposition in which the low 
activity Alu elements are termed “stealth drivers”. In contrast to “master” genes, “stealth 
drivers” are not responsible for generating the majority of new Alu copies, but rather for 


















Figure 4.6  
Figure 4.6. Putative evolutionary scenario for the AluYb lineage.  
A schematic diagram of the hominid primates is shown with the approximate time scale 
shown on the bottom in million years. The blue lines indicate the expansion of the AluYb 
lineage and the thickness of the lines represents its relative retrotransposition activity. 
The estimated copy number of AluYb elements in various primates is shown after their 
names. The blue triangle represents the estimated integration time period of AluYb 
founder gene and star represents the estimated integration time period of the oldest 
known AluYb8 element (Pan4). 
 
generating new Alu copies at a slow rate, a stealth driver may generate some daughter 
elements that are capable of much higher retrotransposition rates. These hyperactive 
daughter elements may act as “master” genes for the amplification of Alu subfamilies and 
are responsible for producing the majority of the subfamily members. In addition, the 
new “master” genes may also give birth to additional retrotranspositionally active Alu 
copies  that serve as secondary “master” genes or sprouts and also contribute to the 
expansion of the subfamily (Deininger and Batzer 1993). This view is supported by the 
fact that recently integrated human Alu subfamilies typically contain ~15% of such 
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secondary “master” genes in addition to the primary subfamily “master” gene (Cordaux 
et al. 2004).  While the highly active “master” genes which are produced from the stealth 
driver would be deleterious and generally be subject to negative selection, the low 
activity stealth driver itself will not be subject to such selection and would allow the 
lineage to persist for extended periods of time. Furthermore, both stealth driver and its 
daughter elements will also generate new elements that exhibit low levels of 
retrotransposition activity, effectively becoming new "stealth driver" elements. In fact, it 
is possible that the continuation of a lineage over extended periods of time may depend 
on the production of new driver elements. 
But the question remains as to why, after persisting relatively quietly for millions 
of years, a lineage can show a sudden increase in numbers, as appears to be the case for 
AluYa and AluYb lineages. Under the "stealth driver" model, the master or stealth locus 
does not need to be "turned on", as one or more such drivers has been active during the 
entire history of the lineage.  There are multiple scenarios which may account for the 
sudden expansion of the Alu lineage. In the scenario that we favor, periods of rapid 
expansion may be related to the ability of highly active daughter elements to escape 
selection at the population level and consequently produce more progeny. The change in 
the efficiency of natural selection in weeding out overactive elements may be related to 
population bottlenecks or other demographic factors (Hedges et al. 2004).  Alternatively, 
periodic increases in element numbers may simply be due to the stochastic nature by 
which active daughter elements are produced. Yet another possibility is that, contingent 
on the relative abundance of available L1 retrotransposition machinery, there may be 
fluctuation in Alu expansion rates (Dewannieux et al. 2003). Less likely is the possibility 
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that molecular host defense mechanisms, which were previously suppressing the activity 
of Alu elements, failed for some reason during these periods. 
In the AluYb lineage, multiple lines of evidence suggest that the AluYb8 element 
at the Pan4 locus may be a recent stealth driver gene in human specific Alu 
retrotransposition. First, the Pan4 element is the oldest AluYb8 element we identified; 
second, it only accumulated one point mutation over the last 7 myrs; third, the presence 
of three identical human AluYb8 elements is consistent with recent low levels of 
retrotransposition of this element. On the other hand, since the Pan4 AluYb8 element has 
accumulated five mutations in the chimpanzee and gorilla genome, and there are no other 
AluYb elements in these genomes with the same mutations, the AluYb8 element at Pan4 
locus is unlikely to be the current driver gene in the chimpanzee and gorilla genomes. 
The reasons why the Pan4 AluYb8 element may be a stealth driver in human but not 
chimpanzee and gorilla are unclear. However, there is a striking correlation between 
sequence similarity to the AluYb8 consensus sequence and total number of AluYb copies 
in these species, raising the possibility of mutational inactivation of the Pan4 AluYb8 
element in chimpanzee and gorilla, but not in the human lineage.  
Previous studies have shown that the amplification of the Alu family reached its 
peak about 30 myrs ago and subsequently underwent retrotranspositional quiescence 
(Shen et al. 1991; Britten 1994). Although we still do not know the underlying 
mechanisms for the retrotranspositional quiescence, the “stealth driver” model may 
explain why the Alu lineage has been subjected to periods of retrotranspositional 
quiescence interspersed with episodic bursts of amplification as suggested by the 
accumulation of at least 5,000 human specific Alu elements since the human-chimpanzee 
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divergence (Carroll et al. 2001; Batzer and Deininger 2002; Xing et al. 2003; Carter et al. 
2004; Otieno et al. 2004). The AluYa and AluYb lineages that comprise more than 60% 
of the human-specific Alu elements may be just two successful examples of this strategy.   
 Similar patterns of amplification have also been observed in the retrotransposition 
of rodent SINE family, ID, (Kim et al. 1994) and the rodent LINE (Long INterspersed 
Element) family, Lx (Pascale et al. 1993). In addition to these evolutionary observations, 
there is also experimental evidence that indicates that some varieties of mobile elements 
evolve strategies to attenuate their own activity. In Alu, the acquisition of a second 
monomer to form its dimeric structure has been linked to decreased retrotranspositional 
activity (Li and Schmid 2004).   In vitro modifications to currently active L1 elements 
can produce orders of magnitude increases in the L1 amplification rate (Han and Boeke 
2004).  In addition, cryptic polyadenylation sites throughout the L1 sequence may serve 
to quell the number of full length, retrotransposition competent L1 copies generated 
(Perepelitsa-Belancio and Deininger 2003).  Taken together, this evidence suggests that 
the stealth driver model may not be a unique feature of the Alu family itself, but rather be 
one variant of a common survival strategy for SINE and LINE elements. More generally, 
the ability of  mobile elements to maintain low to moderate levels of amplification 
activity, rather than more rapid duplication rates, may be a common feature of long-lived, 
successful families of transposons. 
Materials and Methods 
Computational Identification of AluYb Elements 
A 31bp (TGCGCCACTGCAGTCCGCAGTCCGGCCTGGG) oligonucleotide 
that included the AluYb lineage specific duplication, was used to screen the common 
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chimpanzee genome draft sequences (panTro1 Nov. 2003 assembly) using the Basic 
Local Alignment Search Tool (BLAST) program available at 
http://www.ensembl.org/multi/blastview (Altschul et al. 1990). All Alu elements that 
have the diagnostic seven base pair duplication were selected and extracted along with 
one thousand base pairs of unique DNA sequence adjacent to both ends of the elements. 
The program RepeatMasker (http://repeatmasker.genome.washington.edu/cgi-
bin/RepeatMasker) was then used to annotate all known repeat elements within the DNA 
sequence. Flanking oligonucleotide primers for the PCR amplification of each Alu 
element were then designed using Primer3 (http://www-genome.wi.mit.edu/cgi-
bin/primer/primer3_www.cgi). The primers were subsequently screened against the 
GenBank NR database using BLAST queries to determine if they resided in unique DNA 
sequences and would only amplify the Alu elements of interest. 
Identification of AluYb Elements with PCR Display 
The Alu element PCR display methodology has been reported previously (Ray et 
al. 2005). Using this approach, 500ng of genomic DNA was partially digested using 
restriction endonucleases NdeI or MseI as recommended by the manufacturer (New 
England Biolabs, Beverly, MA) in 120 µl reactions. Digestion products were then ligated 
with double stranded linkers and amplified and “displayed” using the primer LNP (5’-
GAATTCGTCAACATAGCATTTCT-3’) and an AluYb-specific primer (5’-
GGCCGGACTGCGGACT-3’) to acquire partial Alu sequences and the accompanying 
flanking unique sequences from each template. Since the Alu sequence in the amplicon is 
about 300bp long, the PCR products were then purified by BD CHROMAS SPINTM -400 
columns (BD Biosciences) to select the fragments larger than 400bp so that enough 
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unique flanking sequence can be obtained to locate the orthologous sequences in the draft 
sequence of the human genome. A second round amplification was performed using the 
LNP oligonucleotide and a second nested AluYb-specific primer (5’-
AATCTCGGCTCACTGCAAGCTCCGCT -3’) to increase the specificity of the 
amplicons. The second round PCR products were separated on a 2% agarose gel and 
fragments larger than 400bp were excised and extracted from the gel using the Wizard 
gel purification kit (Promega). The purified products were then cloned into the TOPO-TA 
cloning vector (Invitrogen). At least seventy-two clones were randomly isolated from 
each template and DNA sequences were determined from both strands using chain 
termination sequencing (Sanger et al. 1977) on an ABI 3100 automated DNA sequencer.  
After obtaining the sequences, the BLAST-Like Alignment Tool (BLAT) 
program (http://genome.ucsc.edu/cgi-bin/hgBlat?command=start) (Kent 2002) was used 
to compare the resulting partial AluYb8 element and its adjacent flanking sequence with 
human draft sequences to identify orthologous sequences. Using a combination of the 
unique flanking sequence and the orthologous human DNA sequences, oligonucleotide 
primers were designed around each newly identified AluYb element as outlined above.  
PCR Analysis of AluYb Elements 
 All of the AluYb loci were screened on a panel composed of human genomic 
DNA (HeLa cell line ATCC CCL-2) and DNA samples from the following non-human 
primate species: Pan troglodytes (common chimpanzee), Pan paniscus (bonobo or 
pygmy chimpanzee), Gorilla gorilla (lowland gorilla), Pongo pygmaeus (orangutan), 
Hylobates syndactylus (siamang), Hylobates lar (white handed gibbon), Chlorocebus 
aethiops sabaeus (green monkey) and Aotus trivirgatus (owl monkey). The non-human 
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primate DNA is available as a primate phylogenetic panel (PRP00001) from the Coriell 
Institute for Medical Research.  The chimpanzee specific AluYb loci were also screened 
for insertion presence/absence using a common chimpanzee population panel composed 
of twelve unrelated individuals of unknown geographic origin, which was provided by 
the Southwest Foundation for Biomedical Research. 
PCR amplification of each locus was performed in 25 µl reactions using 10-50 ng 
of target DNA, 200 nM of each oligonucleotide primer, 200 µM dNTP’s in 50 mM KCl, 
1.5 mM MgCl2, 10 mM Tris-HCl (pH 8.4) and 2.5 units Taq DNA polymerase. Each 
sample was subjected to an initial denaturation step of 94° C for 150 seconds, followed 
by 32 cycles of one minute of denaturation at 94° C, one minute of annealing at optimal 
annealing temperature, one minute of extension at 72° C, followed by a final extension 
step at 72° C for ten minutes. Resulting PCR products were fractionated on a 2% agarose 
gel with 0.25 µg of ethidium bromide and visualized using UV fluorescence. 
DNA Sequence Analysis 
To confirm the presence of AluYb elements, all PCR products suggesting the 
presence of an Alu element were gel purified using the Wizard gel purification kit 
(Promega). Purified PCR products were then cloned into vectors using the TOPO TA 
cloning kit (Invitrogen) and sequenced using chain termination sequencing (Sanger et al. 
1977) on an Applied Biosystems 3100 automated DNA sequencer. All clones were 
sequenced in both directions to confirm the sequence. The DNA sequences generated in 
this study are available in the GenBank under accession numbers AY791249 to 
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Old World monkeys (family Cercopithecidae) represent one of the largest and 
most diverse primate families. Together with family Hominidae (humans and apes), they 
form the infraorder Catarrhini.  Extant Old World monkeys can be divided into two 
ecologically and morphologically distinct subfamilies: Cercopithecinae (cheek-pouched 
monkeys) and Colobinae (leaf-eating monkeys) (Delson 1992; Groves 1993; Groves 
2001; Disotell 2003).  Cercopithecidae encompasses at least 21 genera, minimally eleven 
in subfamily Cercopithecinae and at least ten in Colobinae (Groves 2001; Disotell 2003). 
Subfamily Cercopithecinae includes Erythrocebus, Chlorocebus, Cercopithecus, 
Miopithecus, Allenopithecus, Cercocebus, Lophocebus, Macaca, Papio, Mandrillus and 
Theropithecus. With the exception of genus Macaca and some small populations of 
Arabian baboons, the genera have solely African distributions. The subfamily Colobinae 
is subdivided into two clades: the African genera Colobus, Procolobus and Piliocolobus, 
and the Asian genera Nasalis, Rhinopithecus, Presbytis, Pygathrix, Semnopithecus, 
Trachypithecus and Simias. The existence of other genera such as, Allochrocebus and 
Presbyticus are under debate (Groves 2001).    
 Several molecular phylogenetic studies of Cercopithecidae have been conducted 
previously (Disotell 1994; Messier and Stewart 1997; Harris and Disotell 1998; Page et 
al. 1999; Page and Goodman 2001; Tosi et al. 2004). For subfamily Cercopithecinae, the 
tribe and subtribe level relationships inferred from the molecular based studies (Page et al. 
1999; Page and Goodman 2001) are congruent with classifications based on 
morphological data in general (Delson 1992; Goodman et al. 1998). However, 
considerable disagreement still exists for some relationships at the genus level. For 
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example, for the tribe Papionini, the morphology-based classification (Delson 1992) is 
discordant with molecular evidence (Harris and Disotell 1998; Page et al. 1999). 
Molecular data also suggest relationships among Cercopithecini that have not been 
proposed in morphology-based phylogenetic hypotheses (Tosi et al. 2004).   
Unlike the cercopithecids, only a few DNA sequence based studies have been 
performed concerning the branching order of the Colobinae (Messier and Stewart 1997; 
Zhang and Ryder 1998), primarily due to the difficulty of obtaining DNA samples from 
these rare and endangered species.  Genus level relationships of colobines are still in flux 
due to discordant evidence. For example, the branching order of Colobinae inferred from 
morphological and fossil studies are different from that derived from karyotype studies, 
especially for the relationships among the Asian colobines (Jablonski and Peng 1993; 
Bigoni et al. 2003; Bigoni et al. 2004).  An independent set of molecular markers may 
help to resolve the phylogeny for both groups of catarrhine primates. 
SINE (Short INterspersed Element) insertions are genetic markers that have 
proven useful at several levels of phylogenetic analysis (Takasaki et al. 1997; 
Zietkiewicz et al. 1999; Nikaido et al. 2001; Salem et al. 2003b; Roos et al. 2004; Ray et 
al. 2005).  SINEs are a class of non-autonomous mobile elements that are <500 base pair 
in length and have no open reading frames. SINEs are ubiquitous in all mammalian 
genomes examined as well as in many non-mammalian genomes (Okada 1991; Deininger 
and Batzer 1993; Deininger and Batzer 2002). The utilization of SINEs as phylogenetic 
markers was proposed over 15 years ago (Ryan and Dugaiczyk 1989; Okada 1991; 
Murata et al. 1993). Since then, SINEs have become widely recognized as powerful tools 
for phylogenetic studies and multiple controversial phylogenetic relationships that can 
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not be solved using traditional molecular data have been successfully elucidated (Murata 
et al. 1993; Takahashi et al. 1998; Nikaido et al. 1999; Shedlock et al. 2000; Takahashi et 
al. 2001; Salem et al. 2003b; Okada et al. 2004; Roos et al. 2004; Shedlock et al. 2004; 
Schmitz et al. 2005; Ray et al. 2005).  
While there may be some disadvantages to using SINEs as phylogenetic markers 
(see Hillis 1999 for a review) SINE insertions have several unique characteristics that 
make them particularly promising in evolutionary analyses.  These properties have been 
reviewed several times (Shedlock and Okada 2000; Shedlock et al. 2004; Schmitz et al. 
2005) and we will only briefly summarize them here. First, the probability of two SINEs 
independently inserting in the exact position is essentially zero. Second, the insertion of a 
SINE can be assumed to be unidirectional since there is no known mechanism to 
precisely remove SINEs after their fixation in the genome and the removal of SINEs is 
very unlikely to happen in multiple genomes. These two characteristics suggest that 
SINEs are essentially homoplasy free characters.  A third advantage of SINEs, when 
compared to other molecular phylogenetic systems such as SNPs (single nucleotide 
polymorphisms) and nuclear and mitochondrial DNA sequences, is that phylogenetic 
inference using SINEs does not directly rely on acquiring DNA sequence data. This 
feature makes SINEs an independent complement to traditional DNA sequence based 
molecular studies (Roy-Engel and El-Sawy 2002), especially for groups that are known 
for high levels of sequence homoplasy (Cantrell et al. 2001) and for closely-related 
species for which there is little phylogenetic information in DNA sequences. 
As the most successful SINEs in primate genomes, Alu elements have enjoyed 
remarkable proliferation during the primate radiation and have expanded to more than 
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one million copies in the human genome (Lander et al. 2001; Batzer and Deininger 2002). 
Recently, Alu elements have been used intensively for resolving primate phylogeny at 
different levels (Hamdi et al. 1999; Salem et al. 2003b; Roos et al. 2004; Schmitz et al. 
2005; Ray et al. 2005). However, no SINE based phylogenetic analysis has been 
performed to resolve the relationships among Old World monkeys. Using both a 
computational approach and polymerase chain reaction (PCR) display methodology, we 
identified 285 new Alu insertions  that integrated into sixteen Old World monkey 
genomes and used them to construct a robustly supported phylogenetic hypothesis for the 
family Cercopithecidae.  
Results and Discussion 
Alu insertion loci were included in phylogenetic analysis if the amplicons were 
generated in at least ten out of sixteen cercopithecid taxa and only two distinct classes of 
amplicons were generated (Alu filled size and pre-integration or Alu empty size). Any 
primer pair that generated multiple paralogous fragments across the panel was excluded 
from the analysis.  Four examples of gel chromatographs of amplification result are 
shown in Figure 5.1.  
In total, 285 new loci were identified for phylogenetic analysis. Seventy-five loci 
were collected from computational data mining and 196 loci were collected from PCR 
display methodology.  Fourteen of the loci contained two independent Alu insertion 
events and were treated as two independent markers.  An additional twelve loci were 
selected from a previous study (Salem et al. 2003b) to distinguish the hominid lineage 
from the remainder of Catarrhini.  Thus, a total 297 markers were used for the 







































































































































































Figure 5.1.  Phylogenetic analysis of several Alu insertions in Old World monkey 
genomes.  Four examples of gel chromatographs used to determine the phylogenetic 
origin of individual Alu insertions in Old World primates are shown. Upper DNA 
fragments indicate “filled” sites where an Alu has inserted.  The DNA template used in 
each reaction and the locus designation are shown. (A) An Alu insertion specific for 
genus Papio. (B) An Alu insertion restricted to the tribe Papionini and absent from other 
Old World monkeys.  (C) An Alu element present in the subfamily Cercopithecinae. (D) 
An Alu insertion found within the genomes of all Old World monkeys examined. 
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analysis resulted in a single most parsimonious tree (Figure 5.1; 302 steps, CI = 0.983; HI 
= 0.017; RI = 0.993).  Because at least five unambiguous Alu insertion events were 
recovered for each clade, the likelihood test for every branch was significant at the 0.005 
level (Waddell et al. 2001).   
Within family Cercopithecidae, the two previously established subfamilies were 
distinguishable. Thirty-three loci supported the monophyly of Cercopithecinae and 
thirteen loci supported monophyly of Colobinae. Within subfamily Cercopithecinae, our 
tree is congruent with previous studies, but provides a much higher level of statistical 
support. Two tribes are recognized, Papionini and Cercopithecini, and these tribes were 
supported by fifteen and seven insertions, respectively.  
Within Papionini, nine Alu insertions suggest that Papio and Theropithecus form 
a monophyletic clade. These taxa are joined by Cercocebus to form subtribe Papionina, 
which is supported by five unambiguous loci. Members of Macaca were clearly defined 
as a sister clade to subtribe Papionina, by fifteen unambiguous loci. These results are 
congruent with several previous phylogenetic studies (Disotell et al. 1992; Disotell 1994; 
Page et al. 1999; Page and Goodman 2001). Within genus Macaca our three 
representatives formed a monophyletic group supported by eight loci.  M. nemestrina and 
M. silenus shared a closer relationship (six insertions) than either did with M. mulatta.  
These results are consistent with a comprehensive study of macaque phylogeny by 
Hayasaka et al. (1996). 
Unfortunately, we had only partial access to DNA from members of tribe 
Cercopithecini. However, several conclusions can be made from the available data.  For 






























































Figure 5.2. A cladogram of Old World monkey phylogenetic relationships. The most parsimonious tree generated from analysis of 
297 Alu insertion polymorphisms.  The numbers below the branches indicate the number of bootstrap replicates (10,000 iterations) 
producing trees that including that node. Numbers above the branches indicate the numbers of unambiguous insertions supporting 
each node. For the likelihood test, all nodes are significant at the 0.005 levels. 
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 tribe, six additional insertions joined Chlorocebus and Erythrocebus.  Within this tribe, it 
has been suggested that a distinct arboreal-terrestrial split exists that can be resolved 
using molecular data (Tosi et al. 2004).  We hope to address this issue with additional Alu 
insertion data in the near future.   
With regard to the second subfamily, Colobinae, our results clearly separate 
African (Colobus guereza kikuyuensis and Co. guereza) and Asian (Pygathrix nemaeus, 
Nasalis larvatus, Trachypithecus cristatus and Tr. vetulus nestor) clades, reinforcing the 
existence of two subtribes, Colobina (Colobus monkeys) and Presbytina (langurs) (Page 
and Goodman 2001).  
Branching order within the langur (Asian) lineage is one of the more hotly 
debated areas in Old World monkey phylogeny. One view, based on fossil and 
morphology studies, indicates that Nasalis was the first to diverge from the rest of 
Presbytina (Peng et al. 1993). On the other hand, karyotypic studies indicate that the 
Pygathrix was the first to diverge and a relatively close relationship between Nasalis and 
Trachypithecus exists (Bigoni et al. 2003; Bigoni et al. 2004). In contrast, one molecular 
study based on mitochondrial cytochrome b data suggests that Nasalis and Rhinopithecus 
form a sister group to Pygrathrix.  They also suggested that a third genus, Trachypithecus, 
is paraphyletic and that one subgroup of the genus forms a basal clade to the remainder of 
Presbytina (Zhang and Ryder 1998).  Using a consensus approach, Disotell (2003) was 
unable to resolve the relationships between many of these genera.  The Alu insertion data 
presented here are useful in resolving some of these problematic relationships.   
In our study, a sister relationship between Nasalis and Pygrathrix is strongly 
supported by six shared Alu insertions.  This result is similar to the one found by Zhang 
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 and Ryder (1998) but with higher statistical support.  The Nasalis-Pygathrix clade is 
subsequentially joined by Trachypithecus (eighteen insertions), clearly delineating at 
least part of the branching order of the Asian colobines.  Unfortunately, we were unable 
to obtain samples from the remaining genera.  However, the power of this approach in 
resolving problematic phylogenies is clear and we would suggest that these relationships 
should be examined in the near future.   
One drawback in phylogenetic analysis using SINE insertion loci involve two 
scenarios that lead to confounding loci in the dataset – parallel independent insertions and 
lineage sorting.  In the present data set, there were nineteen loci at which the PCR 
amplification pattern indicated alternative branching orders when compared to the final 
tree. Sequence analysis revealed that fourteen of the nineteen questionable loci were 
caused by parallel independent Alu insertions. One example of two independent 
insertions at locus “TA_PY2_17”  is shown (Figure 5.3A). This result is not surprising 
since similar events have been reported in multiple previous studies (Salem et al. 2003b; 
Xing et al. 2003; Ray et al. 2005) and the likelihood of these events increases as the 
divergence time between taxa increases (Hillis 1999). However, since none of these 
insertions occurred in precisely the same position, DNA sequence analysis resolves these 
ambiguous characters.  
Four additional loci exhibited more complex evolutionary histories. At locus 
“Vervet_11” (Figure 5.3B), Alu insertions are present in all species in subfamily 
Cercopithecinae except the three macaque species (rhesus monkey, pig-tailed macaque, 
lion-tailed macaque). At locus “PYJX12”, the Alu insertions are present in the all of the 
Old World monkey species examined except the three macaque species. Sequence 
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 analysis indicates all of the smaller fragments were generated from amplification of 
authentic pre-integration sites. We believe the discordant amplification patterns at these 
two loci are likely the products of incomplete lineage sorting of ancestral polymorphisms 
for two reasons: 1) the Alu insertions are all flanked by identical target site duplications 
(TSDs) in multiple taxa, 2) the Alu insertions in all the species are in the same orientation 
and have very similar mutation patterns.  
At locus “Agilis_Yd_114”, Alu insertions are present in all examined species of 
subfamily Cercopithecinae except the African green monkey (Chlorocebus aethiops). 
The most parsimonious explanation is that the Alu element was removed from the green 
monkey genome. Although there is no known mechanism for specific removal of Alu 
element from genome, it is thought to occur on rare occasions via recombination and/or 
other mechanisms (Edwards and Gibbs 1992; Deininger and Batzer 1999). However, we 
can’t rule out the possibility of multiple incomplete lineage sorting events, that might 
generate a similar pattern.  
At locus “Agilis_Yd_10”, Alu insertions are present in agile mangabey 
(Cercocebus agilis), patas monkey (Erythrocebus patas) and talapoin (Miopithecus 
talapoin). This pattern is difficult to explain because whatever the evolutionary history is, 
multiple rare events are required to generate this result. One of the possible scenarios is 
that, there were two independent Alu insertions.  One inserted in Cercocebus lineage and 
the second one inserted before the divergence of Chlorocebus, Erythrocebus and 
Miopithecus. Later, lineage sorting resulted in the second insertion being fixed in 






































































































































































Figure 5.3. Potential confounding Alu insertions.  Two examples of potential 
confounding loci are shown. The upper part of each figure shows the agarose gel 
chromatograph with the final tree superimposed on the bottom part.  The cross and star 
denote the approximate times of Old World primate evolution when the insertion of the 
Alu element could have occurred. (A) Parallel independent insertions. At locus 
“TA_PY2_17”, two Alu elements independently inserted in the Talapoin and Proboscis 
monkey genomes. The integration sites are separated by 42 base pairs. (B) Ancient 
incomplete lineage sorting. At locus “V11RE”, Alu insertion happened before the 
divergence of subfamily Cercopithecinae and was polymorphic (indicated as “+/-”) in the 
ancestral population. Random fixation of the alternative alleles (“+” or “-”) resulted in the 
loss of this Alu insertion in Macaques and the fixation of it in all other clades. Green dot 
line represents the hypothetical polymorphic period of this Alu element and blue lines 
represent the clades that have this Alu element fixed present. 
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 One final case (locus “DoucL_Yd_34RE”) represents a new but not unexpected 
type of confounding locus.  In African green monkey and patas monkey, it appears that 
an Alu-Alu recombination occurred between the newly inserted Alu repeat and an old Alu 
element adjacent to it in the flanking region. This recombination removed half of the 
younger Alu element and half of the older Alu element, generating an amplification 
product that has similar size to the pre-integration site. Since the recombination products 
are identical, it probably occurred before the divergence of these two species.  Sequence 
alignments of all confounding loci can be found on our website (http://batzerlab.lsu.edu). 
Despite a low level of potentially confusing results at some nodes, the overall 
picture remains very robust.  All nodes are supported by at least five loci that are 
completely unambiguous. Lineage sorting and other unusual events occurred at a rate of 
approximately 1.4% that is directly comparable to that obtained in previous SINE based 
studies of phylogenetic relationships (Salem et al. 2003a; Salem et al. 2003b; Ray et al. 
2005). 
We would be remiss if we did not make some mention of the statistical power of 
SINE phylogenies when compared to the support for standard sequence data analysis.  
For example, while bootstrap values are typically reported for analyses of sequence data, 
there is controversy regarding their interpretation (reviewed in Soltis and Soltis 2003).   
On the other hand, SINE insertion based analyses provide a more straight-forward 
version of statistical support (Waddell et al. 2001). This strength of support, along with 
the relative ease with which insertion patterns are analyzed (dollo parsimony vs. 
maximum likelihood, phenetic analyses, and maximum parsimony with its various 
weighting schemes, etc.) reinforce the utility of phylogenetic analysis using SINEs.   
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 Like all genetic systems, there are some drawbacks to the use of SINE insertion 
data.  For example, models of insertion rates allow estimates of divergence times and 
tools analogous to genetic distances and molecular clocks have not yet been developed 
for SINE insertions.  However, combinatorial approaches using sequence analysis of 
shared insertions may prove valuable in overcoming these drawbacks. Once a clade has 
been established using a group of shared insertions, the sequences of the elements 
themselves and flanking sequences can be safely assumed to have derived from a 
common ancestor and standard molecular clock estimations can then be applied.  As an 
extension, data generated for more traditional DNA-based sequence analyses can be 
imported regardless of whether the analyses of sequence data produced the same 
topology.  Such analyses may help to resolve cases where differential substitution rates or 
long-branch attraction have caused problems in inferring the correct phylogeny.   
In conclusion, mobile element based methods represent powerful tools for 
resolving phylogenetic relationships. As a result of the essentially homoplasy free nature 
and known ancestral state, many long standing phylogenetic controversies can be 
resolved using this approach. Our study represents the first large scale SINE based 
phylogenetic analysis of Old World monkeys. More importantly our results represent an 
important step toward the construction of a mobile element based phylogeny of the entire 
Primate order. 
Materials and Methods 
Computational Data Mining 
Genomic sequences from Chlorocebus aethiops (African green monkey), Papio 
anubis (olive baboon) and Macaca mulatta (rhesus monkey) were obtained from the NIH 
 98
 Intramural Sequencing Center, as part of the Comparative Vertebrate Sequencing 
Initiative. The sequences were broken into 10,000 bp fragments and compared to the 
human genome using the BLAST-Like Alignment Tool (BLAT) program (Kent 2002) 
available at http://genome.ucsc.edu. Fragments containing insertions/deletions were 
extracted and annotated to identify putative lineage specific Alu insertions using 
RepeatMasker (http://repeatmasker.genome.washington.edu/) as previously reported 
(Hedges et al. 2004).  In order to allow a focus on the Cercopithecid lineage, only Alu 
elements present in the Old World monkey sequence and missing in the human 
orthologous regions were excised along with 1000 bp of flanking sequence in both 
directions.  Flanking oligonucleotide primers for PCR amplification of each Alu element 
were then designed using Primer3 (Rozen and Skaletsky 2000). The primers were 
subsequently screened against the GenBank NR database using Basic Local Alignment 
Search Tool (BLAST) program available at http://www.ensembl.org/multi/blastview 
(Altschul et al. 1990) to determine if they resided in unique DNA sequences. 
PCR Display Methodology 
The Alu element PCR display methodology described by Ray et al. (2005) was 
used with minor modifications. Briefly, 500ng of  genomic DNA was partially digested 
using restriction endonucleases NdeI or MseI as recommended by the manufacturer (New 
England BioLabs, Beverly, MA) in 120 µl reactions. Digestion products were then 
ligated with double stranded linkers, amplified and “displayed” using the primer LNP and 
one of several Alu-specific primers (Table 5.1). The product contains partial Alu 
sequences and the accompanying flanking unique sequences from each template. Since 
the Alu sequence in the amplicon is about 300bp long, the PCR products were then 
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 purified by BD CHROMAS SPINTM -400 columns (BD Biosciences) to select the 
fragments larger than 400bp; this allowed us to obtain enough unique flanking sequence 
to locate the orthologous sequences in the draft sequence of the human genome. In some 
cases, a second round of amplification was performed using LNP and a second nested 
Alu-specific primer to increase the specificity of the amplicons. The sequence of linkers 
and primers are shown in Table 5.1. The second round PCR products were separated on a 
2% agarose gel and fragments larger than 400bp were excised and extracted from the gel 
using the Wizard gel purification kit (Promega). The purified products were then cloned 
into the TOPO-TA cloning vector (Invitrogen). A minimum of 100 clones were randomly 
isolated from each Old World monkey species and the sequences were determined using 
chain termination sequencing on an ABI 3100 automated DNA sequencer.  
Table 5.1. Linkers and primers sequences used for PCR display methodology 
 Name Sequence (5'-3') 




AluPY2 b GCGACAGAGCGAGACTCC Primers 
AluYd b AGATCGAGACCACGGTGAA 
a. Linker primer 
b. Alu internal primers 
 
After obtaining the nucleotide sequences, the BLAT program was used to 
compare the resulting partial Alu element and single unique flanking sequences with the 
human draft sequence to identify the human orthologous region. If the same Alu insertion 
was identified in the human genome, the insertion was considered an older shared Alu 
element or character that inserted prior to the Cercopithecoidea-Hominoidea divergence, 
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 and it was discarded. If the resulting sequence query failed to identify a single human 
orthologous site, it was also excluded from the study. In many cases the Alu integration 
site was within or near other repeated sequences. In these cases, oligonucleotide primers 
were designed only when the repetitive sequences exhibited greater than 20% divergence 
from the consensus sequence of the repetitive motif. Using a combination of the unique 
flanking sequence next to the partial Alu elements and the orthologous human DNA 
sequences, oligonucleotide primers were designed around each newly identified Alu 
element as outlined above.  
PCR and DNA Sequencing 
All oligonucleotide primer pairs were initially tested for amplification using 
human DNA templates with a temperature gradient PCR (48 ºC – 60 ºC) to determine the 
most appropriate annealing temperature for further analysis of non-human primate 
genomes. All loci were screened on a primate panel that was composed of human HeLa 
genomic DNA and DNA samples from nineteen non-human primate species (Table 5.2).  
For some taxa only limited amounts of genomic DNA were available.  These samples 
were subjected to whole genome pre-amplification using the GenomiPhi genome 
amplification kit (Amersham, Sunnyvale, CA). The amplified samples were then used as 
templates for locus specific PCR analysis.  
PCR amplification of each locus was performed in 25 µl reactions using 10-50ng 
of target DNA, 200nM of each oligonucleotide primer, 200µM dNTPs in 50 mM KCl, 
1.5 mM MgCl2, 10mM Tris-HCl (pH 8.4) and 2.5 unit Taq DNA polymerase. Each 
sample was subjected to an initial denaturation step of 94° C for 150 seconds, followed 
by 32 cycles of one minute of denaturation at 94° C, one minute of annealing at indicated 
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 annealing temperature, one minute of extension at 72° C, followed by a final extension 
step at 72° C for ten minutes. Resulting PCR products were run on a 2% agarose gel with 
0.25 µg of ethidium bromide and visualized using UV fluorescence.  Detailed 
information on each locus including primer sequences, annealing temperature, PCR 
product sizes, chromosomal locations and amplification results are available on our web 
site (http://batzerlab.lsu.edu) as supplemental data. 
Table 5.2. DNA samples of all species examined in this study 
Species Names Common Names Origin ID number
Homo sapiens Human ATCC a CCL2 
Pan troglodytes Common Chimpanzee Coriell b NG06939 
Hylobates syndactylus Siamang SDFZ c KB 11539 
Macaca nemestrina Pigtailed Macaque Coriell NG08452 
Macaca silenus Lion-tailed Macaque SDFZ OR 1890 
Macaca mulatta Rhesus Macaque Coriell NG07109A 
Papio cynocephalus Yellow Baboon SFBR d 9656 
Papio anubis Olive Baboon SFBR 8229 
Theropithecus gelada Gelada Baboon SDFZ KB 10538 
Cercocebus agilis Agile Mangabey Disotell 
e
N/A 
Chlorocebus aethiops African Green Monkey ATCC CCL70 
Erythrocebus patas Patas Monkey SDFZ KB5435 
Miopithecus talapoin Talapoin SDFZ OR 755 
Colobus guereza Black and White Colobus Stewart f N/A 
Colobus guereza kikuyuensis Kikuyu Colobus SDFZ OR 160 
Pygathrix nemaeus Douc Langur SDFZ OR 259 
Nasalis larvatus Proboscis Monkey Stewart N/A 
Trachypithecus cristatus Silvered Leaf Langur SDFZ B 4381 
Trachypithecus vetulus nestor Western Purple-faced Langur SDFZ OR 219 
Aotus trivirgatus Three-striped Owl Monkey ATCC CRL1556 
a Cell lines provided by the American Type Culture Collection, P.O. Box 1549, 
Manassas, VA 20108. 
b Coriell Institute for Medical Research, 403 Haddon Avenue, Camden, NJ 08103. 
c Frozen Zoo®, San Diego Zoo, conservationandscience.org. 
d Southwest Foundation for Biomedical Research 
e Blood sample from Dr. Todd Disotell 
f DNA sample from Dr. Caro-Beth Stewart 
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 To confirm the phylogenetic distribution of Alu insertions on the primate panel, 
loci from selected taxa were also chosen for sequence analysis to verify the presence of 
the experimentally derived Alu element.  In addition, when the PCR amplification 
patterns were different from that suggested by the majority of genetic systems analyzed, 
representative PCR products were selected for DNA sequence analysis to resolve the data 
points.  Individual PCR products were cloned and sequenced as described previously 
(Ray et al. 2005). Sequences for loci identified experimentally were aligned with the 
orthologous human sequence obtained via the BLAT search and sequence alignments of 
these elements are available from our website (http://batzerlab.lsu.edu) under 
publications. The DNA sequences generated for this project have been deposited in 
GenBank under accession numbers AY879605 to AY879769. 
Phylogenetic Analysis 
We implemented a heuristic search in PAUP* 4.0b10 (Swofford 2000) using 
Dollo parsimony and designating owl monkey as an outgroup taxon. Presence of the 
insert was coded as “1” and absence of the insert as “0”.  If no amplification was 
observed for a given locus in any taxon, the character state was coded as unknown, “?”.  
For loci containing more than one insertion event (see next section), the independent 
insertion events were treated as two independent markers. Ten thousand bootstrap 
replicates were performed on the data. A statistical test for evaluating SINE insertions 
based on a likelihood model (Waddell et al. 2001) was also performed to assess the 
statistical significance of each branch of the resulting tree. 
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Mobile elements have substantial impact on primate evolutionary history by 
shaping the landscape and structure of the genome. Retrotransposons are the major 
players among mobile elements due to their “copy and paste” nature. Alu elements have 
inserted in the primate genomes throughout the primate evolution and the fruitful studies 
of genomics have illustrated their complicate influence on the architecture, plasticity, 
stability and evolution of the genome. In this study, I examined the biology of Alu 
elements in the human genome and explored their utilization as markers for population 
genetics and phylogenetic studies. 
 In chapter two, I analyzed AluYd lineage in the human genome. AluYd lineage is 
a derivative of the AluY lineage and defined by a common 12-bp deletion shared by all 
the AluYd elements. I first computationally extracted all the members of the Alu Yd 
lineage from the draft sequence of the human genome. Analysis of all the Yd Alu 
elements resulted in the recovery of two new AluYd subfamilies, Yd3 and Yd6, which 
contain a total of 295 members (198 Yd3 and 97 Yd6). DNA sequence analysis of each 
of the Alu Yd subfamilies yielded age estimates of 8.02 and 1.20 million years old for the 
Alu Yd3 and Yd6 subfamilies, respectively. Two hundred Alu Yd3 and Yd6 loci were 
screened using polymerase chain reaction (PCR) assays to determine their phylogenetic 
origin and associated levels of human genomic diversity. The AluYd3 subfamily appears 
to have started amplifying relatively early in primate evolution as many of its members 
are found in a variety of hominoid (humans, greater and lesser ape) genomes; and it 
continues propagating albeit at a low level since two AluYd3 elements are polymorphic 
in the human genome and absent from the genomes of nonhuman primates. By contrast 
all of the members of the AluYd6 subfamily are restricted to the human genome, with 
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12% of the elements representing insertion polymorphisms in human populations. A 
single AluYd6 locus contained an independent parallel forward insertion of a paralogous 
AluSq sequence in the owl monkey. These Alu subfamilies are a source of genomic fossil 
relics for the study of primate phylogenetics and human population genetics. 
In chapter three, I examined the CpG versus nonCpG mutation pattern in Alu 
elements. In primate genomes more than 40% of CpG islands are found within repetitive 
elements. CpG dinucleotides make up about 20% of Alu sequences. It is generally 
thought that CpG dinucleotides mutate approximately ten times faster than other 
dinucleotides due to cytosine methylation and the subsequent deamination and 
conversion of C/T. However, the disparity of Alu subfamily age estimations based upon 
CpG or non-CpG substitution density indicates a more complex relationship between 
CpG and non-CpG substitutions within the Alu elements. I analyzed the mutation patterns 
for 5296 Alu elements comprising 20 subfamilies. The results indicate a relatively 
constant CpG versus non-CpG substitution ratio of ~6 for the young (AluY) and 
intermediate (AluS) Alu subfamilies. However, a more complex non-linear relationship 
between CpG and non-CpG substitutions was observed when old (AluJ) subfamilies were 
included in the analysis. These patterns may be the result of the slowdown of the neutral 
mutation rate during primate evolution and/or an increase in the CpG mutation rate as the 
consequence of increased DNA methylation in response to a burst of retrotransposition 
activity ~35 million years ago. Since Alu element represent 10% of the human genome 
and heavily methylated, this study present the largest dataset gathered to date for the 
analysis of 5mCpG mutation patterns and may reflect the general CpG decay pattern in 
the human genome. It will help us to have a better understanding of the CpG decay 
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process during primate evolution. It also provides an updated, more accurate estimate of 
the neutral mutation rate disparity between CpG and nonCpG dinucleotides. 
In chapter four I analyzed the evolutionary history of AluYb lineage and proposed 
a revised model for Alu amplification strategy. The amplification of most Alu elements is 
thought to occur through a limited number of hyperactive “master” genes that produce a 
high number of copies during long evolutionary periods of time. However, the existence 
of long-lived, low activity Alu lineages in the human genome suggests a more complex 
propagation mechanism. Using both computational and wet bench approaches, I 
reconstructed the evolutionary history of the AluYb lineage, one of the most active Alu 
lineages in the human genome. I show that the major AluYb lineage expansion in humans 
is a species-specific event, as non-human primates possess only a handful of AluYb 
elements. However, the oldest existing AluYb element resides in an orthologous position 
in all hominoid primate genomes examined, indicating that the AluYb lineage originated 
18 to 25 million years ago. Thus, the history of the AluYb lineage is characterized by 
approximately 20 million years of retrotranspositional quiescence preceding a major 
expansion in the human genome within the past several million years. I suggest that the 
evolutionary success of the Alu family may be driven at least in part by “stealth driver” 
elements which maintain low retrotranspositional activity over extended periods of time 
and occasionally produce short-lived hyperactive copies responsible for the remarkable 
expansion of Alu elements within the genome.  
Finally, in chapter five I explored the utilization of Alu insertions as phylogenetic 
markers and resolved the phylogeny of Old World monkeys using Alu insertion 
polymorphisms. Although Alu elements have been utilized for resolving the primate 
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phylogenetic relationships in multiple studies, no SINE based phylogenetic analysis has 
yet been performed to resolve the relationships among Old World monkeys. Using both a 
computational approach and PCR display methodology, I identified 285 Alu insertion loci 
that have Alu elements integrated in sixteen different Old World monkey genomes at 
various times.  I utilized these elements to construct a phylogenetic tree of Old World 
monkeys.  The relationships among all major clades and most genera reported in this 
study are in general agreement with other molecular and morphological data but have 
much stronger statistical support.  The results suggest a close relationship of Nasalis 
larvatus and Pygathrix nemaeus compared to Trachypithecus.  This is one of the few 
molecular studies reporting on the phylogenetic relationships of Asian langurs. This study 
represents one of the most robust cercopithecid molecular phylogeny to date and one 
important step towards a SINE based phylogeny of the entire primate order. 
In summary, by analyzing the structure of Alu family in human genome (chapter 
2), examining the Alu CpG mutation pattern (chapter 3) and amplification mechanism 
(chapter 4) during the primate evolution, this study provide further understanding for the 
Alu amplification biology and dynamics during the primate evolution. Finally, the 
elucidation of Old World monkey phylogeny using Alu insertion polymorphisms (chapter 
5) will dramatically improve our confidence in the branching order of living primates and 
facilitate the primate systematic studies. 
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Table B1. AluYd3 element GenBank numbers, PCR primers, annealing temperature, phylogenetic diversity, location and amplicon 
sizes 
 
     Product Size
Name Accession 5' Primer sequence (5'-3') 3' Primer sequence (5'-3') A.T.1
  Primate 2 
Diversity 
Chr.
Loc. Filled Empty 
      Yd3JX1002 AL133373 GATTGTAGGGAAGGAAAAAGCTC TCCATAAATGGTTTTCTCCCTTT 60 Human? 14 535 214
Yd3JX102 AC020603 TTTCTGCCTTCAAAAACTCCA       
       
      
       
       
       
      
        
      
       
      
       
       
      
      
       
       
     
       
AGCAAACAGACAAAAACATTGG 60 Human 8 584 271
Yd3JX103 AC010742 TCACCTCTTTAACCATTCTTTGC AACAGCATCAATACCCATCATCT 60 Gorilla 3 540 232
Yd3JX110 AC008267 AGCAGCTAACATTAACTGTCCTTC TCTTTCTTCTGGAAATACCTTGC 57.3 Human 7 491 186
Yd3JX122 AC012003 TTGTAACCATTTTGCATGTATTCAC TTTCAGGTAGTGTTGCTTGGAAT 60 Gibbon 2 567 245
Yd3JX125 AC018523 CTCAGGTATTGCAGAACCATTTT AAATAACTCCTCTAGATGTCAGCAG 60 Gibbon 11 751 449
Yd3JX130 AC020709 CTTCTATCGTCTGCTTTGCTGTT TCACTTCATCCACGAAGGAAT 60 Gibbon 1 561 243
Yd3JX142 AC008744 AACGACTAAACAATGGCAGAAAA GAAGTGAGTAGCCCATTGTGTTT 62.5 Human 19 551 244
Yd3JX159 AC004870 TCCATAGTTGTTAAATGGCAAGG GCAATTTCAGAAGCTGGTATAAGG 60 Gibbon 7 547 225
Yd3JX167 AC010281 ATCGACTAATGGCATCCTCCT CTCTCCCAGAAAGACTGAAAGGT 60 Chimp 5 811 508
Yd3JX170 AC005000 GTGATTGCTACTGCTTTTTGCTT ACCTGATGAACATTTTAGGAACC 60 Human X 570 262
Yd3JX184 AC004098 AATCACACACAATCTCCCTCCT CCACCTGTTGTTTATCCATTCAT 60 Gibbon 17 551 252
Yd3JX185 AC040163 TCTACTGCACAGAGTTGGTTTGT ATTTACCCAGTAATGGGGTTGTT 60 Orangutan 16 563 258
Yd3JX196 AC007227 CATGTAGGAACAAGCATTCAGTG TCAGAGAACCTGTAGGGAGAACA 60 Chimp? 1 556 257
Yd3JX197 AC007151 TCCTAAAGTGGATTGTGGTGAT AATCATTTCACAGACAGCTGGA 62.5 Gorilla? 16 674 365
Yd3JX234 AL118506 TCCAGGCCTGAGTTTACTCCT TGAACAGGAAGGTGGTGAGA 62.5 Human? 20 666 391
Yd3JX238 AC007371 CTTCTGGGTAGGTTCCAGTTAGT TCCCAATATATCCAAATATCATTTTA 60 Gorilla 6 546 257
Yd3JX25 AC091045 GCCATGCAAATTGTTCTGTAACT AAAACTGCAAACACCTAAAATTCC 60 Gibbon 15 723 423
Yd3JX268 AL079340 ACAAGTTTTGGTTCAGTTCCTCA GACCCATTGTCCTTGTTTTTGT 60 Human 11 547 240
Yd3JX280 AC005773 GATTTTCTGAGGGAAGGAGGTTA ATTCTCACAACAACCAAAGGAAC 60 Gorilla 17 686 385
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Yd3JX313 AL359400 CTTTGTTGGGTTTTCACTCAGAT TGGGGACAAAAGAAGAATGATAA 60 Human 14 555 221
Yd3JX315 AL109804 TTCTCATGCTAAAAACCTCAACC TAGGAGATGGTCACATTCCAAGT 51.5 Gibbon 20 566 268
Yd3JX32 AC093172 TTTTAGGTTTAAGAAGGACATGGTT TCGTAACCTTTTGCATCTGTTCT 60 Orangutan 7 498 203
Yd3JX325 AL031055 GATAGACCAGCAGTTCCAGAAGA GTCAAATGAAAAGGCACTGTAGG 60 Orangutan 20 551 236
Yd3JX336 AL161788 TGTAATTTTGCCACCTTTCAAAT GAAATGGACTTGTGTGAAGCTCT 60 Human 9 577 279
Yd3JX342 AL109953 GGAGACACACCATTTATCTGCTT ACAGCGAATGCACTATTCATTTT 60 Gibbon 20 557 257
Yd3JX36 AC016642 TAGTTGTTTTTGGTCAGCGTCT TCAAGCATATTTGCCATATCAAT 60 Human 5 502 194
Yd3JX361 AL137790 GTTTCTCCCGTTCTGCTCAT TTGGTGGTTGTGAGAAGCTG 51.5 Orangutan 1 673 373
Yd3JX381 AL353807 CAAATCTAGCAATGGATGAGAATC TGTGGAGAACAGATACGCAGATA 60 Gorilla 1 670 370
Yd3JX398 AL355306 ATTGCTATTTTGCCATTTCTGAC TTTAATCCTTGGGAATTTTTGCT 60 Gibbon 1 577 259
Yd3JX432 Z82217 CAATAGTTCAGCATCACAACGTC ATACTTTGGTATCCCCGAGCTTA 60 Gibbon 22 571 269
Yd3JX437 AL034412 TGGTGTACCTTAGTCCAAAGACC TTTGCATCTCAGAACTTTTTCCT 60 Human X 547 240
Yd3JX443 AL031429 GAGGCAACTCGTATCTTTCATTC GCAGAGCTAGAAGTTTGTCCTGA 60 Human 1 537 239
Yd3JX458 AP001767 TGCTTTATCACCCCACTTTAGAA AGCACACTGGTTTTAGCAAGAAG 60 Orangutan 11 576 280
Yd3JX470 AC011388 AAAACCTCTTCCCCTTACTTGGT TGAGTTGAACAGAGAAGAGCAAA 55 Gibbon 5 576 272
Yd3JX480 AP000082 TGCTAACGCTTGCAGAGTATTTA TCAACTTTTCGGGTTTGTATTCT 60 Gorilla 8 603 277
Yd3JX519 AC020728 TAAAGCACAGGAATGGAAAGAAG AAATGGCTTGCACAACAAGTAAT 60 Gorilla? 5 650 360
Yd3JX526 AC011666 CCGGATCAGTATCACTTTTCAAG GGAGTTTGGATAAACAAGCACAG 60 Gibbon 1 556 260
Yd3JX528 AC004672 CTCTGCCTAAGAGCTCCTTTTCT CTTGTTGCCCCTGAAGGTATTAG 60 Gibbon 12 522 225
Yd3JX53 AC010146 CCTAAAAGTTCCCTTTTCTTCTCA AATCATCCACACAAAACCAGTG 60 Gibbon 2 511 204
Yd3JX545 U73479 AGGTTATGAAAGGGTCTGCTTTT GATATTTGGACACACACACCTAAA 60 Gibbon X 680 364
Yd3JX565 AL354864 CGATCCAATTAAGGGCTTTG TGTATCTTGGCCTGGAGAGC 57.3 Chimp? 1 468 134
Yd3JX566 AL110503 ACTGAGGCAAGTAGGCCTTTAGT CAGGCCTAATCATAGGAGTGTCA 60 Gibbon 20 569 287
Yd3JX567 AL133174 TCCCAGAGAAACTTGGTCAATTA GCAGGTATTTGGATAATGTTTGG 60 Orangutan 20 574 269
Yd3JX572 AL138849 TCCAGTCCTGTTCCTATCAAAGA CTGAGTATTTTCAGAAGCCATTGA 60 Gibbon 1 698 405
Yd3JX58 AC078980 ATGTCATTGGTACATAGGGATGC GCCTTCAATTTGGTAAGTCATCA 60 Human 3 622 326
Yd3JX583 Z82198 CCCAATTGCCTTCTAGTTAAACA CCTTAAACAGTACACCCACTTGC 60 Gorilla? 22 557 248
Yd3JX624 AC009144 AATCAGAGACGTTTGATGCATTT AAACTCTGCTAGGGTCTTAGGTCA 60 Orangutan 10 547 236
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Yd3JX626 AC083870 GGGATCACGAAAGACAGTAATCA TTAGTTTGGGGATACCTGGACTT 60 Orangutan 7 560 247
Yd3JX654 AL162430 CAGCATTTTGCTGTAAGAGTGTG AACAATGGGGTCACACAAATAAC 60 Orangutan 1 543 244
Yd3JX662 AL033375 AGTGGTCTCTGAAGTAGGGGTTT TTTGTCAAATGGGTCAATGAAT 60 Gibbon 6 653 356
Yd3JX665 Z93017 TTGCATTAATGGCTCCGAGT TGTGTCAAGTCAGCTAACATCGT 60 Orangutan? 6 472 164
Yd3JX676 AK024471 CAGGTCAGGGAAGATTGTTTTTA ATGGGTCTATGCTGAGTCTACGA 60 Gibbon 18 528 220
Yd3JX682 AC091986 ATCAGACCTAATGTTCCCCTTTG AGACATTTGGTAACCCACCCTAA 60 Human 5 596 286
Yd3JX683 AC010301 AGGGACAAAGAGAACCTGATTG ATAAGCACCTTGGCCATCAA 57.3 Orangutan? 5 688 396
Yd3JX718 AC004745 TGCCACATATCATCTGAGTTTCTT TTTAGAGCCCCAGTATTTTCTCC 60 Gibbon 7 563 251
Yd3JX739 AL391838 GACAAGGTTCTCTGAAGGATCAA TTGGTTCTGCCAATAAGAAATTA 60 Gibbon 13 915 606
Yd3JX741 AL445184 AACTTTCGATGAGGAGCGTTTAT GGAGAAACACTGTCCAATTTCAA 60 Gibbon 13 552 233
Yd3JX747 AL359257 TATCCATATTAATGCCAGCCAAA TGCAATTTACAGGTAGGAAGGAA 62.5 Chimp 13 553 250
Yd3JX749 AL353640 ACTAAGTTCATTTTGTGCCCTTG ACCATGATTTTCACAGTTCCAGT 60 Gorilla 20 541 237
Yd3JX757 AL139396 CATTAGAAATCAGAATGGCTTCG CTTGGTTTATTCCTTTGCTATGC 60 Gibbon X 549 257
Yd3JX765 Z75744.2 ACTGTGAAAGGACTTAAGCCACA GAGATGCATCCTCACCTTTTT 60 Gorilla 22 546 246
Yd3JX77 AC010237 GGGCACACACAGATGATACATT GGAGTATGGCTTCAAACTTGTCA 60 Human 5 531 221
Yd3JX790 AC073043 TGTTCTGCTTTATTGACTGTTTGG CATGTGAATTGCTGCCAATAATA 60 Orangutan? 2 528 226
Yd3JX804 AC093235 TTTTCTTGTTCCACTTCTTAGGG TGTCAGTGTTCAATAAATGTGATTC 60 Gibbon 19 549 248
Yd3JX839 AC023906 GAAGGGATCCTATAACAAAAAGCA TTCTGTGTGGGAACACAAGATAG 60 Gibbon 15 565 274
Yd3JX848 AF181449 ATGCGATTCCAACTCAGAATAGA GATTCCTAAGGGATTTTTCAACG 60 Human 8 549 237
Yd3JX854 AC034200 AAACCATGTACCACTGTTTACATCA TCTCTGAATACAATGATCTACACTTCA 60 Gibbon 5 761 472
Yd3JX858 AC023869 GAGATGGATCAATGCAATGAAGT GCTATTGGCCATGTGAAAAAGTA 60 Orangutan 11 593 298
Yd3JX867 AC008066 GTCATTTGATGAGAATGCCAAC CTTTTACAAATGTGTGACAAATGC 60 Gibbon 8 595 289
Yd3JX883 U47924 GCAGCACTGTAACTGTTCCTTCT AGTTCTATCCACTCCCTGTGCTT 60 Gibbon 12 545 253
Yd3JX887 AC012050 GTCATGGTGCTTACAGGACAAAT ATCTTTGGGGCCTCTCTACTTAC 60 Orangutan 15 554 254
Yd3JX897 AC006337 ACACTAACTTCAAGGCAACCTCA CTTCAGCTACCCTGCATCAATAA 60 Gibbon 7 611 335
Yd3JX908 AC078842 TCCTTCTAACAAGGTCATTTGGA TTGACATGGTAACTGTGCAGAAC 60 Orangutan 7 539 226
Yd3JX923 AC002449 GTGGCCATTTGTCTTTGTAAATC AATGCAATCACAATCAAACTTCC 57.3 Gibbon X 539 244
Yd3JX93 AC074344 GACATTTCTGAATTAGGTCTTGGA CTGCCAAAAACCTGCTATGTAAT 60 Gibbon 4 582 286
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Yd3JX943 AL591719 GTCTGCTTGGCCATATACAAAGT CTCTGGTCAGTCAAAAATGAACC 53.8 Gibbon 1 721 434
Yd3JX948 AC007784 TCACCTAATTCAGCATAGGTCAT TCCTACCTCATAAGGCTATTGAGAA 60 Orangutan 12 601 296
Yd3JX954 AL359971 GTGGTGTGAGAGCAAACATTGTA ATCAGTAATTGAGAGACCCAGCA 66.1 Gibbon 1 550 230
Yd3JX959 AL121839 ATCGTCAAGATTGTAGGGAAGGA ATCGTCAAGATTGTAGGGAAGGA 57.3 Human? 14 545 220
Yd3JX971 AL162502 GCTGATCTATTTTTGCCTGAATG ACACTGAATTCTTCTTGCTGGAG 57.3 Chimp? 10 528 271
Yd3JX999 AL355807 ACTGTCCTGTGCTCTATGGAAAT AATCCATGTTAGTGAGGCAACAA 60 Human 13 627 333
Yd3JXd1 AL590405 ACTTGTGTTGATGCTACAGTCAGA TACCTGGATGAATGAATTGTGTG 60 Gibbon 1 593 288
Yd3JXd10 AC013413 CTTTGCAATTTTACACTGGGAAT TATGCCTGTGGGCTTTTATTTTT 51.5 Gibbon 2 831 521
Yd3JXd11 AC093899 CATGAATGTCTGCTTACTCCTTTC GGCCATGATACAGTGTTTTGAA 60 Orangutan 2 626 320
Yd3JXd13 AC017069 GCAAAAGAAACACAAACTTCCAT TCAGGGGGCACATAGATAAGTAA 60 Gibbon 2 635 337
Yd3JXd14 AC079344 CTACGAAACTGAAATCTAAGCATGAC CACTGAGTGATGCCATTTGAATA 60 Human 2 631 325
Yd3JXd15 AC093025 TGGTCACCAAATCTAACCCTTAAT ACATTGCTTATCCAAAGTGGAAG 60 Human 12 574 273
Yd3JXd17 AC107303 AAAGCAGATTTAGCCTTCAAGTG CACACTGCCTTTTTACACAAACA 62.5 Gorilla? 3 557 270
Yd3JXd18 AC011312 CAAATGGCCTTGAGAACAGATAC TCCAAGTCCTTCAATACACCTTC 60 Orangutan 3 813 515
Yd3JXd19 AC091212 ATCAGGTGCTCCAAATGTCTAGT GCATGCCTCAGACACTTGTAAAT 60 Human 3 550 238
Yd3JXd2 AL583826 TGAGGAAATAGGATACGGGACTT TTGCTAAACTGCTGTCTTTCACA 57.3 Orangutan? 1 542 242
Yd3JXd20 AC092980 GCCCATTCTTAAATACCAACTGA TGATGTCCTTGCTGTATATTCCA 60 Gibbon 3 567 264
Yd3JXd21 AC099543 GCCATTCTAATAAATATGCAGTGG GCAAATTGCATATCCGATTAAGG 60 Human 3 559 254
Yd3JXd22 AC110611 ATGGATTATTATTCGGCTGCAA TAACAGTCAATCCTCGTTTCCAC 60 Orangutan 4 544 241
Yd3JXd23 AC099340 TAGGTGACTGCCCAGGATATTTA CATGTACAAGAACTTATTCCCTTACC 60 Gibbon 4 551 262
Yd3JXd24 AC017007 TAAATTCCTCCCTCAATGAGTCC GCTTTCTCTTTCTGTTGTGGTTC 60 Human? 4 715 416
Yd3JXd26 AC116606 CCATGGAGGAGATAAACAGTCAT TGTGTCTCATTTCCTCTGAGCTT 60 Orangutan 5 548 241
Yd3JXd27 AC011407 CAGGAAGAAAGGAGATAATGCAG AGGAATAGGGTTTTCCAACAGTG 57.3 Gibbon 5 567 264
Yd3JXd28 AB041992 TGAATTATTGGTCTGCAATATGGT AGTTCATTTTCCCCACAAAGACT 53.8 Gibbon 6 556 254
Yd3JXd29 AL357992 AGCACTGTTTTATTCGCTAAGGA CCTTGAGAAGTTGAGGAAATGAA 60 Gorilla 6 556 265
Yd3JXd3 AL356600 ATCTGTGAATTTGAAGGGTTCAG TTTTAACGTTGCAGTAGAGCACA 57.3 Orangutan? 1 518 221
Yd3JXd30 AL355297 GAAGGAAGTTTGTGAAACAGGAA GATTAATTGTATACGTACATTGTGAGC 53.8 Orangutan? 6 721 421
Yd3JXd35 AC015476 CAGGCATTAACGGTTTTCATTAG ACACGTTAAGTGATAGCAGACCT 60 Gorilla 8 531 220
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Yd3JXd36 AC067817 TTCATCAGTTTAATGGCTGTTCA TCGGTGACCTAAATAATTCCATTT 60 Human 8 606 294
Yd3JXd37 AL162390 CAAGCCTAGAACCCTCTGAAAAT ACGTACTAGCAATGTACAACCAGAA 51.5 Gorilla? 9 547 236
Yd3JXd38 AL162586 ATCAATAGTTGGGTTCCAAAAGC TCAAAGATGAGTATCTCAAGGTAGGA 60 Gibbon 9 644 353
Yd3JXd40 AL354920 GACCATGTTTGGGAAGATTAGAA AGCACATAATGACTCCATCGTTT 51.5 Gibbon 9 549 253
Yd3JXd41 AL354726 CACCTTGGTTTTAGCCCAATAAT CCTTTTATGTCTGGTTCGTTTCA 60 Gibbon 9 554 243
Yd3JXd42 AL162414 ACCTTCATTCTTTGTGTTACTGTCA CCGACTTGCAATATAAGAAATGC 60 Gibbon 9 548 257
Yd3JXd43 AL158071 AGAGACGGTTCCATGATAAATTG TGTTATGTCGTTATCAGCAGCAT 62.5 Orangutan 9 556 258
Yd3JXd44 AL512656 CAGAAATTTGTCAAGGGCATAGA GCACAGTGTTTTTCCAATATTCC 60 Orangutan 10 504 192
Yd3JXd46 AL360216 GAATGGCCTGTGTGAATACAAGT TGACGCAGGTATAGAACACAGAA 60 Gibbon 10 538 247
Yd3JXd48 AL161799 TGACCTAAGAAATTTATCTGCCAAT ACATGAAGCCAAGCCTCTTCT 60 Human? 10 854 560
Yd3JXd5 AC092805 TCGGGGGATATGTGTTTATAGAT CACAACGTGCAGGTTAGATTTTT 57.3 Orangutan? 1 649 332
Yd3JXd54 AC025552 TTAGCCTTACCCATTTCATCTGT CAGATGTTGCCATTACTGTCCTA 60 Gorilla 11 689 382
Yd3JXd55 AC026331 CCATTAAGAATTAAAAGCCAGTAGG ATTTTTACCAGAATAGGCCTCCA 62.5 Gorilla 12 636 322
Yd3JXd56 AC023055 GCTGTATGAAGAAACAAAGATCTCA TGCTATCTTTTATAATTGCCCATGT 62.5 Orangutan? 12 679 370
Yd3JXd57 AC093025 TGATATTCCCCCATATGTGAGTT TGATTTACACATGGCAACAAAAA 60 Human 12 647 346
Yd3JXd6 AL391650 GTATGAATACCAATGGCTGAAGG AAAACACAGATTTCATTGTCATAACTC 62.5 Orangutan? 1 550 269
Yd3JXd60 AC051643 AAAGAGTGTTCACGGGATTGTTA TGAGCATCCTGAAGAAGTTGATT 60 Gibbon 15 553 257
Yd3JXd61 AC009153 ATTGTGCAACATTTTGAGGAGAC TCCATTGGCCTACACAATTAAAG 60 Orangutan 16 552 253
Yd3JXd62 AC106886 GGAATGGATGGAGGTAAGAGAAA CACCACTAAATCCTGCTGATTCT 60 Gibbon 16 659 364
Yd3JXd63 AC092143 TCTGAATTTCCTCCACTGGTTT CGAATTTGCATACTGAAAATCAA 60 Human? 16 624 328
Yd3JXd64 AC009062 GGTTGCCTCTTTTGGATCTATTT GTTTGTCTTTGAATTCCCCAACT 60 Gorilla 16 596 290
Yd3JXd65 AC091172 ATTCCGCAGAAGAGGGAAAAA GGATAGGGCTTGAACCATAAAAT 60 Chimp? 17 645 343
Yd3JXd67 AC016106 TTGTAGCATAAATTCGGCAGTGT AAAAAGGAGCTGGTTTGAAACAT 60 Gorilla 18 549 250
Yd3JXd68 AC008737 AGGAAGGCTTTAATGCAAATGA TAGGGTTCTTAAATACGGGGAAC 60 Gibbon 19 634 327
Yd3JXd7 AL445193 CCTGATTGTGATACTTGCTAACCA CAGGCATTTAACTTGGACAGTTG 55 Gibbon 1 606 263
Yd3JXd71 AC016582 AGATGTGTGTTTGCTGAGGTAAA GGTAGGGATCAAGCTACACCTATTT 57.3 Human? 19 516 217
Yd3JXd73 AP001686 CCTTCCAAGCACAATGGAAT CAAACATGCTTCGGAGAAAA 60 Human? 21 600 317
Yd3JXd75 AJ239320 TGTACTTGCCCCATCTTCTGTAT TATTCTGAAAATCTTGGGGGTGT 62.5 Gorilla? X 546 239
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Yd3JXd8 AC099680 TGTGGCATAACCATACAATGAAA TACAACCATCACCACTCCCTAAT 60 Human? 1 585 280
1. Annealing temperature.  
2. Primate diversity is defined as: Human, the insertion only appeared in human genome, not any others. Gorilla, the insertion was found in human, bonobo, common 
chimpanzee and the gorilla genome.  Orangutan, the insertion was present in human, bonobo, common chimpanzee, gorilla and orangutan genome.  Gibbon, the 
insertion was present in human, bonobo, common chimpanzee, gorilla, orangutan, gibbon and the siamang genome.  The question mark indicates that a filled site 
amplified from the species listed and an empty site did not amplify in the next species. 
  
Table B2. AluYd6 element Genbank numbers, PCR primers, annealing temperature, human diversity, location and amplicon sizes 
     Product Size




Loc. Filled  Empty 
Yd6JX100  AC074295 TATTGAGAGCAGATACGGGAAAA       ACTTTTATTATTCCCTCCCCACA 60 FP 7 519 214
Yd6JX1006  AL365220 ATTTGCCCAAATTTACGCATGTA       
      
       
       
       
      
      
       
      
       
       
       
      
      
       
      
      
TGTTAAGACATGTTAGGCTTGGA 60 FP 1 479 171
Yd6JX1007  AP003462 TCAGTCCAAAAACTATCAAGCTG ACCTGAAATATGTTGGAAAAGCA 60 FP 11 554 247
Yd6JX113  AC068193 ACACATTCTGACTGCTAATACGC AAATTTTGCAGTCCAATATGAAA 60 FP 2 560 260
Yd6JX116  AC010468 ATTCTATCATCCCCTGTGTCCTT TGTTTCCAGGCTTTCCTATTATG 60 FP 5 468 160
Yd6JX118  AC013492 AAAGTGAGTTTTGAGCCTTTGTG AGAACACTAGAGGTGATGCCAGA 60 FP 8 543 248
Yd6JX129  AC090953 TACCATATTGTACCTTGCCCTTG TGTTGATTTCCTCAAGTTTACCC 60 FP 3 494 188
Yd6JX193  AC009424 GCAAGCATAGACCACGAATAAAC GTCTTTTCCTGTTGTCAGCAGTT 62 FP 8 436 138
Yd6JX21  AC026439 ACTGGCAAAAATGTTTCTCTCCT GTAAGACAGCCCACAGTTTCATC 65 FP 5 511 208
Yd6JX221  AC005189 TTCTGGCAAAATTAACACAACTG CCCACCTTTTTCCTTTCTCTAAT 60 FP 7 599 300
Yd6JX222  AC004949 TGGGGATATGAGGAGTAAGACAA GGAGAGTTATTCAACTGCCACTG 60 FP 7 497 186
Yd6JX253  AC006239 AATGATTCTTCCACTTCAGGACA GCATATTTTGTTCCACAGGGATT 60 FP 9 557 272
Yd6JX257  AC005599 TAAGCCTCGTTATGTGCCTTTTA GGGCATCAAAGATTCAGGATTAT 60 FP 4 452 140
Yd6JX259  AL163051 CCATCTTTGGTTTAGCCAGAATTA TGCATTATGCTTACCAATATCCAC 60 FP 14 502 200
Yd6JX274  AL356240 AGTTTGGCTTGTCCTCTGTAAGT TGCCCATCTCCTAAAGGTATTTT 60 FP 11 508 244
Yd6JX281  AL442066 AGCTGAAAAATGATTCCTGGTTA AGTCTGCCTTTATTCAGATGCAA 60 FP 9 580 262
Yd6JX284  AL591591 TTTCCTGATGGAAGCAGTGTATT TGTTAGCATAATTGATCCCAAAAT 60 FP X 517 210
Yd6JX286  AL358235 TCAGGTGGTTTTGATTTTCTAGC GGTGATCTTAGGGTCATACTCCTT 65 FP 10 745 435
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Yd6JX331  AL133270 TTTCCTTTGGTCCACCTAAAACT CTCGGGTTTATGTAGCCTCTTTT 60 FP 6 450 139
Yd6JX333  AL132775 GGGCTGAACCAAACAATATGTAA AATCAAAAAGAGCCTTCGAGAGA 60 FP 6 471 176
Yd6JX337  AL356605 AAGCCCCGTATGTGTAATGTTC CACCTTGTGGAGGTTAATGAAAT 60 FP 13 461 159
Yd6JX345  AL157818 TGCAGTACAAAAACAGTGATGTG TTGTTGAAATGTCTGATGGACTG 60 FP 6 473 167
Yd6JX346  AL159154 CATTTGGCATCAACCTCATAAAT TGAGGCATCTGGGATATAGGTAA 60 FP 13 517 220
Yd6JX35  AC035147 GGAACACATCAAGAGACTGGAAA TGTTGCTTTTAAACAAATCCTTGA 60 IF 5 505 195
Yd6JX352  AL445686 ATCCAAGGGAAAGCAACACA CACACCTAGCAGCTCCCTTTAT 60 IF 1 452 166
Yd6JX362  AL133480 TGAACATTCTTATCTGGGAAGTTG CATGCCCCACATTGTTATCTATT 60 FP 9 493 196
Yd6JX377  AL390121 ACCTACTCTGACCATCCCATTT TAGACAAAAATCTTGCCCCTGT 60 FP 1 488 180
Yd6JX379  AL356057 AATATGGCACAAACCCAGAAA TCACTTTTCAGTGCCATGAGTT 60 FP 6 418 141
Yd6JX385  AC005304 AAAAAGCTGCAAAGACCTTGTTA TCCTTTGCTTTACAGATGAGAATG 60 FP 17 514 197
Yd6JX40  AC073905 ACAAAATAATACAGCCCCAAATG GGACTGTGAAAACATCAATACGA 60 FP 2 473 183
Yd6JX409  AL049762 ATTCTCCAGTCAAAAGAGAATGC CCTTTTGATTACTTGACCCCTTT 62 FP 1 544 247
Yd6JX425  AL133249 TCTCTTGTGGAAGGAAAACAGAG CACTCAAATTAAGCAAGGGAAAA 62 FP 2 495 183
Yd6JX448  AP001891 TGTTCCTGAAGAGAGTTGTGGAT GGGAGTTGAAGAGACTTTGGATT 60 FP 11 499 192
Yd6JX455  AP001642 AACACATCTTGGTTTAAGTCACCA AAGTTGAGCAAGTCTTCCAGAAA 60 IF 11 547 230
Yd6JX456  AP002829 AAATGCTCAATGAAGGCTGTAAG AGTATCATCAACCCCTCAAACAA 60 LF 11 499 186
Yd6JX457  AP001825 CAGGTCAACAAAATGGCTATCA AATCATGGGGCTGTTACTCTTATT 60 FP 11 527 220
Yd6JX460  AP000857 TCCATTAGCATGACCTTTTTCTC TCAATGTACCCTTTCAGCAATGT 60 FP 11 578 298
Yd6JX47  AC016894 TCCTTTAAGTAGAAGCCATTCCA TCCAAAGCAGTTTCAAAAATCAT 60 FP 2 765 466
Yd6JX56 AC079173 ATACTTACCATTGCCTCGTCCTT ATGTCATGATCGGCTAGTTCTTG 60 FP x 530 226
Yd6JX6  AC096749 TGGTATCTCAAATCAGTGCAGAA TGTTTCTTGATCGCTTTAGTGGT 60 FP 4 456 154
Yd6JX643  AL355302 ATTACATATGCTCATGGGAATGC TATGAATTTTCAGGGGACACACT 60 FP 10 522 227
Yd6JX691  AC017076 CTTCTTTACCCTAATGGTCTTCGT CCATTACGGGAAGTGTTTTCTT 60 FP 2 567 260
Yd6JX90  AC011247 TATTTGAAAACTGACCAGCCAAT CATCATCCAGGAATAAGACCAAA 60 IF 2 545 236
Yd6JX98  AC011748 TCACAGCAGTATCTCCAATCAGTT CCAAGTGCACAAAGATGATTAAA 60 FP 2 555 249
Yd6JXH1 AC087711 TCTAATGTACAGCCGGAGGAT TGCCAGTATCTGGTGTTGTCA 60 FP 8 657 350
Yd6JXH14  AC022080 CCTTTATGCACTTTTACCTTCC GACCCCTTATCTTTGGAATGC 60 HF 12 830 527
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Yd6JXH17  AC026793 TAAAGCCAGAAAATGAAAATGCT GCACAGAGTTCAGAACAAATGCT 60 FP 5 597 307
Yd6JXH22  AC090010 AATAAGACTTGGCATCCTTAGCA TGAACAGAGAAACAAAAGGTGGT 60 FP 12 477 165
Yd6JXH24  AC011612 TTGTTTGGAAAATACTAGGAATCA TTGCCCACCCCATATATACAATA 60 FP 12 498 197
Yd6JXH25  AC026372 AAGCTGGGAAGTCTAATATGAAGGA TGTCCCCCAATTAAGTATGTGTT 60 FP 12 542 240
Yd6JXH32  AC040169 CAGCACTGTTCCTAACTGTAAATCA TACCCCAAGCATGTATTCTGAAA 60 FP 16 699 405
Yd6JXH34  AC079234 GCCACCAAAATAAGCATTGTAAC AATTGCACTTCCCAATTTCACT 60 IF 4 461 155
Yd6JXH36  AC073078 TGAGCCAAATACTGTTTATGTCC ATGCGACAGTCATTTTCTATTGG 60 FP 7 581 256
Yd6JXH4  AC020782 CACCCATAAACAACAAAGACCAT TTTTCTATCTTTGGGTCTGTGAA 60 FP 8 650 343
Yd6JXH40  AC062034 TTCTGGACCTTGAAATCTTCTGT TAAGAATTTTGCTGCTTCTGAGC 60 FP 1 551 247
Yd6JXH42  AC012041 CATGTTCTCATACCATGCTCAAA TTATCAGCAAAAGACACAGGACA 60 FP 3 501 203
Yd6JXH44  AC026319 CTATGACGTGTCCTGCCTTTT AAAGTATGTCCACGTGGTTGG 60 IF 4 695 394
Yd6JXH54  AL590640 TAGGACTACCAAGCACAGCTAATTT TGTACAATGGAATCACTGGAAAG 59 FP 1 555 262
Yd6JXH56  AL390240 ATTCCCAAACTGCCTTTTCA CCGCAGTAATGGCTACCATAG 60 FP 9 502 192
Yd6JXH59  AC024466 TGCCACTTTTGTATGATTTTCCT CTTCTAGGGTCGCATAAATCAAT 60 FP 3 498 190
Yd6JXH62  AL391810 TTCACTTCCAACTATCACCCTACA AGGAGGAGGGTATAATCAACCAAT 60 FP 1 558 259
Yd6JXH63  AL162429 TTCACCTCTCCATTCTTAACATGA TAATGGAAGTAATGAACCCCACA 60 FP 1 561 236
Yd6JXH64  AL360268 TCACTTTCTGGAAGGAATAAAGC GCCCTTTGATTACCAAGTAGATT 60 FP 9 480 182
Yd6JXH65  AL355995 AATCCAATGCTGTGAAGCTTTT TGGGGAAACAGACAAACAAACTA 60 FP 1 484 189
Yd6JXH67  AL358234 GCCCAATCACATATTTCTCCATA ATGGCCCAAGGTCATAAAATTAC 60 FP 10 483 193
Yd6JXH68  AL591222 TTTGCATACCCCAAAGAGAGTTA TGTGAGAACAGTATTTCCAACTTCA 60 FP 9 477 169
Yd6JXH7 AC084016 TCACCTGACAACTAAAATTTCCAA TCAGTCAACATTCATTAAGCACCT 60 FP 3 424 109
Yd6JXH72  AL365211 GCCATAAGCTGTTTGAAAGACAT AGCTCCCTTTGAAAATTAACCTG 60 FP 10 442 141
1. Annealing temperature.  
2. Allele frequency was classified as: high frequency polymorphism (HF), intermediate frequency polymorphism (IF), low frequency polymorphism (LF) and fixed 




Table B3. Old World monkey specific Alu insertion positions, PCR primers, amplicon sizes and annealing temperature 
 
Name Alu position 5' Primer sequence (5'-3') 3' Primer sequence (5'-3') Filled Empty A.T.1 
Vervet_2 chr7:116260845 TTTGTGGAGAGAGAGTTCAGCA CTGACCCATTTCATTTCATCAG 491 170 60 
Vervet_3 chr7:116278523 CCTAAGGTAGGTGTTTTCTTCGAG TCTGAATTCCTTTTCCCCTGA 594 300 60 
Vervet_4 chr7:116286999 TGTGATGCTTCCTACTTTATGTGC TGCTCAACAACAGGAAAATGAT 496 160 60 
Vervet_5 chr7:116922735 CTTCCTAGGGCTGCTATGACAA GAGAGAACATGGCCTTGCTAAT 460 110 60 
Vervet_12 chr7:117123681 CAGCCAAAACACTAAATGTTGG TCATTTTCAGTGTCAGTTTGCAT 787 447 60 
Vervet_13 chr7:117140847 GCCACTGAATCCTTTCAGTTTT AGCAGAGTTGCCTGGTAAACA 411 211 60 
Vervet_16 chr7:117243322 TCTCAATCTCAAACCTATTCTCAGG AATCGGGACCAAAACAGTCATA 498 198 60 
Vervet_18Re chr7:115621298 TTGTTGAGCATCTTCTGTGCTT TGTAATAATGCCAGCCAGTCAG 683 350 55 
Vervet_19Re chr7:115631050 TCCTCACAGCAATTTGTGAAGT CAAATCTAGGTATGGCCCAGAG 678 350 55 
Vervet_21Re chr7:115649763 AGCATTATTGCCAAACCACTTT CCCAGAGGAAAGTCTGAATTGT 612 160 50 
Vervet_22Re chr7:115999996 ATTTGGTCATCTGTCACTGCAT AGATTAGGATAAACCCCCAAGG 641 320 55 
Vervet_29Re chr7:116671059 AGGACTGGCTTCTTTTCTGGAT ATCTGACATCTAGCCACCTCCA 601 200 55 
Vervet_30Re chr7:116677498 TGGCAGGATCCACTCAGTAGTA TACCTTTTGTTGTGCCTTTCCT 625 410 55 
Vervet_36Re chr7:115655095 TTTGCACAAATGCTCTGAAAAT GGACCTGCTAAACTTGGAACAG 639 340 55 
Vervet_37Re chr7:115663393 AAATTTTCCCTCTGCCTATAGCTT TGCAAAGATTGATAGAATACAAGAAA 849 520 50 
Vervet_39Re chr7:115755935 TGCCATAAACTGACCCTGACTA GGCACCAAAGAGAAACACATCT 845 520 55 
Vervet_40Re chr7:115772380 AAACAAATGCCAGAAGGAAGAA CAAAATAGTTTGGTGAATTTGTGG 607 300 55 
Vervet_41 chr7:115815497 CATAGAGATTCCCCTCCATCAG AGCCAAATGTTCTGGGTTAAAA 547 230 55 
Vervet_42Re chr7:115829437 CAACGCTATCATCCTTTTGACA TAATAGATTGCCAACCCCTGAA 644 300 55 
Vervet_44 chr7:115871995 ACAAGAGGTTCTTGCCACAAAT CTCCAACCATATTTTGGCTCTG 660 350 53.5 
Vervet_45 chr7:115886229 GGAGTTAGGAGGTGAAAAACACTG TGTTGTTGAGGACATTTTCCTTT 697 400 53.5 
Vervet_46Re chr7:115922798 GTCAATCAGGGCTCTGAGAGTT GAAAATTGCTGCCTCTTAGCAT 639 300 55 
Vervet_9 chr7:117008085 CAATGGTTTCATGACAGAATAGGA GGATAAGCCTTTGTTTCCATCA 400 80 60 
Vervet_11 chr7:117074560 AGCAGGACACTTGGTAACAACC TAAGGCACTTGTGTGGTAATGG 686 312 60 
PapioYa6JX16 chr7:92002427 TGCATGCTTAATGCAGAAACTAA TGCCAAAGTAACACAACTAAAACTG 694 395 60 
PapioYa6JX21 chr7:92804191  TTATGGGGCAGGTCAACATAAT AAAAACTGGTCCGCCTGCT 533 224 60 
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PapioYa6JX26 chr7:94953986 GGTTTTATGTGCCTTGAGGAGT ACACATGACATGGGAACAAGAT 580 267 60 
PapioYa6JX41 chr7:27750870 TGCAAACATCACAGGATTACTGA TAGCTGGGCTCATTTGAGGA 736 423 60 
PapioYJX10 chr7:75621877 CATGCCTCCTGGCAATATCT TGGTTAACCTTGAGGTGGTG 566 249 60 
PapioYJX121 chr7:72310577 GAACAGGGCTGCTTTTTCTCT CCAGTTGAACTTCAGCAGCTT 456 141 60 
PapioYJX17 chr7:76222595 TTCAGGAGTCCTCTGGAACA TGACAAACTTTTCAAAAATCACA 693 380 56.8 
PapioYJX174 chr7:72368701 GGCACTGGGGAATACAAAGAT GCAACAGCTCTGGTGTTCAAG 678 362 50 
PapioYJX186 chr22:16020602 TCCTTGGCACAGGTATAAAGC TTCCCTGAAAATGGGACTTCT 543 214 55 
PapioYJX201 chr22:16005732 TGGAAATTAGGCAAGACAGGA GCAATTTTGCATCATCTCGTT 535 209 55 
PapioYJX202 chr22:16036102 GGAGAGCTCACAGGAATCTCA AGGTGTCCTTCACCAGCTATG 588 263 55 
PapioYJX203 chr7:116260854 GTtTTAGGGGAAtTGGCCTTT AACCCTGACCCATTTCATTTC 556 232 55 
PapioYJX204 chr7:116252041 AGCCTGTGCCAAGAGGTAAAT AGAAAATGGCACCTGGGTTAG 486 178 55 
PapioYJX36 chr7:43829139 CAGGCCTACTGTGCTGGAAT GCTTGCTGTGGGCATTTTAT 813 498 60 
PapioYJX53 chr22:18592087 CCAGTGCAGCTGAAATAGCTC CTTGGGTCCCTCTGAGTCTG 545 226 60 
PapioYJX80 chr22:17356134 GGGCAGTTCCCATAGAACATT GGAACAGTCTCCCTTCCCTTT 588 267 57 
PapioYJX90 chr7:75157470 CATTAATACCCTCCTGCTGCT CGAAAACCCAAAGCCAAA 700 392 60 
YdJXB13 chr22:19495799 GAAAAAGGGAATATCTGGGCTTA TGAGCTGTTTACCAGGAAAAGG 573 275 60 
YdJXB17 chr16:16626357 AGTTTGGAAGCAGTGAGTCAGG CCAGTTTGCAATTGATTTCTGA 683 378 60 
YdJXB29 chr7:126376964 TTTGAGAATGCACTGTAAGCAAA CTTGGACTGTCCCTTTCACTTC 764 473 60 
YdJXB32 chr7:31328641 TTGGCAACAACTTGATGTGATT CCCAATCCTATGTGTCTCTGTG 794 475 60 
YdJXB53 chr7:31832743 AGAGCAGCAAACCTGGAATAAA CAAGCTGACCACTGAAGGTAGA 599 328 60 
YdJXB57 chr10:43111812   ATCATAGACTGGGTGCACTGGT TGCCTCCAAGGAGACACTATTC 603 302 60 
YdJXB74 chr7:93683232 AGGACTGACTGAGAACCAGAGTC ACAGCTCCAATTTCACCCTAAA 581 258 60 
YdJXB8 chr22:16083981 TCACGTCCATGGTTTAAAGAGTC AGTCAGAAAATGTGTTTGTGCTG 554 250 60 
YdJXB9a chr7:75681790 TCAAAGAGCATTCACACCATGT CAGTCCTGCCAGTTCAGTCTC 534 222 60 
YdJXB23 chr7:93875633 CTGCTTTCACTGAGTTGCATTT CATCAATTCCTTGGCAGAAAAC 633 233 60 
PapioYJX95_out chr3:77912275 AAATCCCCAAGGACCAAATAA AAAAATGGGGAGATAGCATGG 541 229 51 
PapioYJX101a chr7:75594217 CTGGCCAAGTGAGGATGTAAG GCTCTTAAGCAGCTACCAGCA 578 254 60 
PapioYJX101b  CTGGCCAAGTGAGGATGTAAG GCTCTTAAGCAGCTACCAGCA 578 254 60 
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PapioYdJX82a chr22:17347295 GGTAGGGTTCGGGATTTATGA AGCACGGTTTAAATGCTTGG 483 219 60 
PapioYdJX82b  GGTAGGGTTCGGGATTTATGA AGCACGGTTTAAATGCTTGG 483 219 60 
PapioYJX196a chr22:16077495 CCCTAAAAGATGCCTTTGTCC CCAAGTGCAGAGGCTGTAAAA 499 145 60 
PapioYJX196b  CCCTAAAAGATGCCTTTGTCC CCAAGTGCAGAGGCTGTAAAA 499 145 60 
PapioYa6JX12 chr7:30692800 TACCTTGTCAATCACCATCAGG TATGGTGTGGCATTTCTAAGGA 732 407 60 
PapioDB_6 chr7:117165277 CCTCAATGAACCTGACCTTAAA TCAAGGGTAGGAAAATCATTGC 580 220 60 
PapioDB_16 chr7:30752042 GCCAAGATTACATGGAAAAACC TAGGTGAAAGAGGAAAGGGATG 508 178 60 
PapioDB4 chr6:161039475 GCATATTGTGCACTCCCCTAA TTGATCAAGAACACATTCAGCA 509 196 60 
PapioDB24 chr22:15970153 ACTGCTCCATGCAACCTTTAGT ACTGGATCCTTCCTCTCTGATG 592 174 60 
PapioDB38 chr4:74724995 TAGAGTAAGCTGCCAGGGATTT  GACCCTAAGTCCCATTACTCCA 829 445 60 
PY316JX1 chr16:15047616 AGGCAGCCATTGAGTGAATTAT ACAGACCGCAGAGGTAGAATTT 446 136 55 
PY88JX2 chr22:17346473 TCTATGTGAATGACTGGGTGGA CCAGTGGTGTTTGTTCTCCAT 748 438 55 
PY417JX2 chr7:75621886 ATCTCGACGACTACAACAGCAA ATTGGTTAACCTTGAGGTGGTG 552 233 55 
PY1745JX2 chr5:137508169 TGGATTGACATCTGTGCCTTAG TAGCCTTTGGTTGTTTCTGACA 417 110 55 
PY575JX1 chr7:89597691 TGTTCCCCTTTCTCCTTTATCA GATGGAAGATGTGGTTGGATTT 509 182 57.4 
PY1043JX3 chr6:55726350 TAAATGTGCAAAGCAACAATCC AAATGAGGTATTTCCCCATCCT 429 106 57.4 
PYJX4_11 chr21:33611157 TCGTCCTAATGTGATGGCTTC CCTAGGGGTTTGTGTTGGAAT 769 455 55 
GB_Yd_1 chr1:68305682 TGTGCCACGCAGTATTAGTTTC TGATGCCCGTTTAATACCTTCT 540 230 50 
GB_Yd_3 chr9:8585681 TGAAAACAAGAGCACCTTCTGA TTCATGAAGTGCATTGAAAAGTT 430 120 50 
GB_Yd_10 chr9:81782017 AGCATTATAGCCCCAAAGTGAA GGCTTCTTACCGTGATGTTTTC 480 170 50 
GB_Yd_29 chr10:84610587 TCAAGTGAGACAGGGGAAGATT GTGGGAGTGTTCCAAAACAAAT 537 227 50 
GB_Yd_30 chr13:95344028 GGAAGTATTTGCCCATCACTGT TCTATGAGAGTGCCTCGTTAATTG 634 324 50 
GB_Yd_41 chr2:75035339 AATTCAGGTTAGTGGGGGAGA CCAATAAGCCCTCTTTATGGAA 482 172 50 
GB_Yd_9a chr15:32535320 GCTTTGTGATATTTCTGCGTTT ATTGCAAAGACTGAACATGGTG 450 140 60 
GB_Yd_9b  GCTTTGTGATATTTCTGCGTTT ATTGCAAAGACTGAACATGGTG 450 140 60 
GB_Yd_31 chr14:43230623 TTTCCTGTATCACCACAAGCAC TGCCTGGTGTGTTCATTATCTC 480 170 60 
GB_Yd_32 chr7:110132799 AAAGACAGGTTTGCTGAGCTTC TCTACACTGGCTCTTCCTGTCA 496 186 60 
GB_Yd_49 chr13:61911863 AAACATGGCCAGTACATAATGC CCAAACCACCTTCTAACAGAGC 590 280 60 
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GB_Yd_33 chr3:33719249 CAACCAACAGAATAGGGGAAAA TTCTTCATGATATTGCCTTTGC 520 210 55 
GB_Yd_13 chr3:39949588 GGCCAGAATTTAAATGAGGACA CAAACTTTGCAATGATGGGTTA 476 166 60 
AC124039_6_1 chr7:115934825 GCAACATTTACAAGATGCTCAAG ACTTGGGAGCAAACATCTCCT 550 234 55 
AC130184_3_1 chr7:116096193 TTTCAATTATGGAGTGGGTCGT CTGCGATGAGTACATTCTGAGC 505 173 60 
AC130184_7_1 chr7:116177114 GGTTTTAGGGAGGAAATGCTAAA CATGATTTAGTAGATGCAACATGGA 548 256 60 
AC130184_8_2 chr7:116211544 GACAGATCGGTCTAAGAGTGGT AGGTATGGCCTGTGCTTCTTTA 699 373 60 
AC123963_5_1 chr7:116722298 CATGTTGCAAAATATTCTTCATTT TGCCTTGAAGGACACATTAAAA 640 314 55 
AC123963_7_1 chr7:116752915 AGCAAATCTTGAAGCACCAGTT GCAGCAATAATAGGTTTGGTTCA 488 168 55 
AC123963_7_2a chr7:116755036 AACTTGGAGGGGAATGTAATCTTT TGAATCAAGAGTTTAAAAGATAGAGGT 597 277 55 
AC123963_7_2b  AACTTGGAGGGGAATGTAATCTTT TGAATCAAGAGTTTAAAAGATAGAGGT 597 277 55 
Han1_b4 chr15:83255681 TGAACATTCCACTTCAAAGTTTTT CTGGACTTCTGGTTAAGGGATG 799 489 55 
HydJXL1 chr6:126458207 GGCTCCCTCTCCCTTAGACTAC TACCAGGAATGTTTGGAAATGG 544 234 55 
HydJXL15 chr2:228464225 TGGCCATCTTCTTGTGTTTATG AATACCTCAGTGCGTGGAGAAT 499 189 55 
HydJXP14 chr10:43446362 ATTAGCTGAAGTTTGCCCTGAG GTCACGCCCTTGTATAACCTCT 575 265 55 
HydJXR11 chr20:12224137 ATGACATTGGGTCAAGGAAGAA ATAATGACCTGCAATTCCATCC 579 269 60 
YdJXRh6a chr15:38257717 TGGATAGACACGTACATCGGTAG GTTCATTTGTTCCAATGCCAAT 460 150 55 
YdJXRh6b  TGGATAGACACGTACATCGGTAG GTTCATTTGTTCCAATGCCAAT 460 150 55 
YdJXRh10 chr9:19459268 CAGCCTGCTCAGAAGTATTCAC GGCACATGAAATTGCTTTGTAA 516 206 55 
YdJXPT8 chr15:35570710 CTCAACTGTTGGCAGCTGTATC TCTGAGAAGGCAGTGACATGAT 553 243 55 
YdJXPT15 chr17:24654768 CGATGTGAAATACTAATTTGAAGCA GCAAACAGAAGTTTGTCTGAAGG 840 530 55 
YdJXPT16 chr3:161094946 TAAATCAGGACTGTTCCCAAGG CACTAGGCTCCACATGACAGAG 516 206 55 
YdJXPT17 chr11:71699687 CTCTCAGCTCCCTGTTTCTGTT CATGGACATCAGACTAGCCACT 580 270 55 
YdJXPT27 chr13:31572295 GATTAAATCACGAGGGCAGAAC TGGATACCCAGAAGTCCAAGAT 485 175 57 
YdJXRh20 chr16:3548353 TCCAGTGAACAGTTTGCTTCAA TCAGCCCCATGGGATATAGTAG 696 386 60 
YdJXRh4 chr17:24504325 TCTGTCTCTGGTACGTCAGGAA TAAGATTACTGTGCAGCCCTGA 526 216 60 
YdJXPT10 chr7:84374392 TTCTCTTTAGGTCCCAATTCTTTG TGAATTGGTTAAAAGTCAGATAGCA 520 210 60 
YdJXPT13 chr11:83999914 GGCATGGCTCAAAACTTCTAAA CATACAGCAATGGGAAGAGTTG 471 161 55 
PTMacYd2 chr8:23233673 CAAGAGGGACAAGGGAGCTT TGGGGACCTCACTATAAGACCA 472 162 55 
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PTMacYd5 chr15:63363474 GGGGTGCAATAGAACCTTTTAG GCCTTGTGAGGAAGTTGTCTTT 502 192 53 
Agilis_Yd_2 chr7:42748678 ACCATGAAGGAAAACCCTAAGA TCCATGTTGTCAGAGAGGAGAA 610 300 50 
Agilis_Yd_3 chr12:22667826 CCACTTTGGGGAGAAATCATAA CAAACTAGTGCAGTTTGCAACATA 570 260 50 
Agilis_Yd_5 chrX:80366333 TCTGGCTCTCAATGTGAATGTT CTTTGCAGATGATTTGATTCCA 470 160 50 
Agilis_Yd_8 chr5:12515066 TCAGCAATTGACAACAAAACCT GGAATACCACAACCCAGAGAAA 484 174 50 
Agilis_Yd_40 chr18:19488866 AGCTTTGCAATCCATCACTACA AAAAGCTAAGAGGGGGTAGAAA 485 175 50 
Agilis_Yd_41 chr1:68305082 TGTGCCACGCAGTATTAGTTTC TGATGCCCGTTTAATACCTTCT 538 228 50 
Agilis_Yd_52 chr6:99268587 TATTCACCATCCTCGGAGAAAT CAAAAGACTCTTCAAGCCACAA 472 162 50 
Agilis_Yd_66 chr2:46081711 AAACATCAGTGAAAATTTGCTTACA TCACATGTATTTGTGCAACACTTC 471 161 50 
Agilis_Yd_39 chr1:214961879 TTTTTGAACAAGAGACCCCATA AGCCAGATAATATCCCTGTTGC 516 206 55 
Agilis_Yd_70 chrX:106686306 AAAAAGGTTTATCCTAAACTAGTGCAT TTCAGTTCAAATCAAAAGGCAAT 598 288 55 
Agilis_Yd_77 chr12:77247597 GTGGGTCTGTCATCCTAATGGT TTTTAGTGATGAGCAGCCATGT 484 174 55 
Agilis_Yd_57 chr2:182075791 GCAAAGTAATCTGGTCCTAGGTG ACCCCTTCCAGTAGATTTTTCA 517 207 60 
Agilis_Yd_59 chr6:66362457 ACAGAATATGGGTGTGGTAGGC TAGCAACACTCAGAGCTCAAGG 508 198 60 
Agilis_Yd_73 chr8:60760652 TGCAGATGATAGTGGAAGAACC TCTCTAAAAGCAAGATGTGCTCTG 478 168 52 
Agilis_Yd_63 chr1:208801869 CATAAGCAAAAAGAACTTAAATAACCT CAGGATCCACTTGAAAAACAGA 473 163 60 
Agilis_Yd_64 chr2:66355433 TGAAAGACCTTAAGCATCAGCA TATGGGATGACACCTTTCTCCT 813 503 60 
Agilis_Yd_68 chr1:53946998 TCAAAGGATAGAAAGTTGCACA CATTGGAGACATTCATTCAACA 615 305 60 
Agilis_Yd_14 chr14:97161431 AGATGGCATCAAAATAGCACCT ACATGCTTCCCTTTCAGATGAT 512 202 50 
Agilis_Yd_22 chr3:141241495 AAACAAATGAATTAAACAATACCAACT TGGCTTACAGAAGATGAACAATG 513 203 50 
Agilis_Yd_24 chr2:3883030 CCATGCTTGTGTGTGGTTTATT GTTGTATCTAGGCACCCTTTGC 590 280 50 
Agilis_Yd_31 chr1:243587039 TGGTACCGTTAAACACATGACA CCTGTAGGAACGAAGGAACATC 480 170 50 
Agilis_Yd_33 chr16:67818828 TTTTTCCTAGTCACCCTTCAGA TCCTGCTACGAACTGTTTCTCA 642 332 50 
Agilis_Yd_85 chr1:216015207 TTTGTGAATGCAATGAAACCTC AGAAAGGGCAACAGTCTGAGAG 640 330 50 
Agilis_Yd_88 chr10:83840898 AAAATCGGGGACATAGACAGTG GGCAGAAAAAGGTAGTGCTTCA 677 367 50 
Agilis_Yd_88b  AAAATCGGGGACATAGACAGTG GGCAGAAAAAGGTAGTGCTTCA 677 367 50 
Agilis_Yd_90 chr13:86561691 ATTATCCTCACCTGCCAGAGTT AAATTCCTAAGAGATCCCCAAAA 648 338 50 
Agilis_Yd_82 chr18:29271329 CTCAAAGAATTTGTCGCAAGTG CAAACCAATGAACTGGATGAGA 630 320 50 
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Agilis_Yd_100a chr7:10381887 GTCACATGGCCCTTGTTATTTC TCACAAATATGTTGCTGCCAAT 580 270 50 
Agilis_Yd_100b  GTCACATGGCCCTTGTTATTTC TCACAAATATGTTGCTGCCAAT 580 270 50 
Agilis_Yd_84 chr8:88478172 AAGAAGTCACAAAGAGGGAAGG TTTTGCTGGTGGTTCCTTAAAC 746 436 60 
Agilis_Yd_92 chr14:73681032 ACCATCACATTATTTCAGTCTCTCC TCATGAATGTCAAGGTCCTGTC 530 220 60 
Agilis_Yd_94 chr11:12547289 GTAGAATGACCAAAGCGAGGTT CACATCAGTGGGTGCCTATTTA 717 407 60 
Agilis_Yd_104 chr7:12377732 TTTGTTGATTGTGTGCTTAGGG TTTTCCCCCAGGAAAGGTAAAT 565 255 60 
Agilis_Yd_108 chr4:100140582 AAAGTGAGGTACCCGTGTTGAT GCTGTTGGACAGACAACCTATG 480 170 60 
Agilis_Yd_117 chr1:210118896 CTCTACTTTTAGGGGCCTGCTT CCAGACCTGGAAACTCAAGAAT 480 170 60 
Agilis_Yd_10RE chr2:225644794 TGCTGTTGAAAATGGGAAATCT CTTGGAATGCTTTTCGTTTTCT 650 340 60 
Agilis_Yd_114 chr7:25415587 CACTGCAACCAACACTTTCCTA TTACTCCTCACCCATTTTCCAC 450 140 60 
CA_15 chr3:133790287 GAAAAGATCCCCCATTCACATA GGGTTAGGATTCCAAAACATGA 554 244 60 
CA_20 chr22:29477724 TTGATCAGTACCTGTCCCCTTT GCTGTGGATCTGGTTTTGTTCT 467 157 55 
CA_24 chr12:105975057 GCTTCAAATTGGTCAACAACCT TAAACAAGGGGAAAGGCTATGA 557 247 60 
CA_29 chr1:193339291 CCAGCTGAGGGTGACTATTTTTAT GGTTTCAACTGACTTTGAACATTG 553 243 55 
CA_b10 chr7:133768987 AGAGGGACTTGGACATGCTTT TGGGGTTAAATGATTAAATGGTG 624 314 60 
Agilis_PY2_36 chr2:123987682 AGTAACTATTTGCCAGGGCTCA GCAAGGTGACATGATTGCTAAA 620 310 60 
Agilis_PY2_51 chr8:141480870 CATACTGGCCATGAAAATTTGG GTCATCACAAATTTTTCCCACA 754 444 60 
Agilis_PY2_52 chr4:187934540 TGTAAGACAGCCAAATCAGTGC CGTCACTCCAGAGTCCTCTTTT 513 203 60 
Agilis_PY2_45 chr9:122229540 TTCCAGGGAAAGAGAATGTGTT TCCTAACCGCCAGAACCTAGTA 660 350 55 
Agilis_PY2_43 chr14:63566164 TTCCAAGTGTGGAAATTGGTAG TCATCTTGAAACAGGAATACGG 595 285 50 
Ye5AH52 chr4:17868837 TGCTTCTGAGTCCTAGTTCC CCTGTTTGTCCAATAACCTT 373 261 55 
Ye5AH56 chr4:89874168 GTGAAGAGAACAAGGTGAGC CATTTTAATGGCAGCTAAGG 442 122 55 
Ye5AH68 chr2:219299085 CCAGAGGCTATTGATGTAGC CATTTTGTCTACTCCCTTGC 465 159 55 
Ye5AH115 chr10:93977322 CCTCAGGATTCTACTACTGGTT GTTCAACTCTTTGCCACATC 684 375 55 
Ye5AH147 chr9:83208023 GCTGTAATAAACACCCTTGC ACTGATAAAGCCACTTTGGA 463 152 55 
Ye5AH148 chr14:80509221 TAGATAGCAGCCCCATTCCA CCTTTCGACACGGGAAAGTA 461 126 55 
Ye5AH170 chrX:71289313 CCATCTCCTTATTGATGGAT TGTTTGCTGCATAAATCTCA 451 147 55 
Ye5AH172 chr13:24939695 ACATTTCGCTTGTCCCTTTC CAAAGAAACGGACGTTGCAC 496 192 55 
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Ye5AH134 chr12:18368140 GGTGCATTCTTGGTGGTACTAAT ATCACTTTAGTTGGAGTCCCTCTG 458 155 55 
Ye5AH146 chr14:49192542 ATTACTTGGGCAGATGGTTA CAAGATAAGCAATATGGAAGC 489 180 55 
Ye5AH44 chr2:29015578 AGAGATATGGCATCCCTTTA GGAAGATATTATTGGGCAAA 489 178 55 
Ye5AH153 chr6:42089508 TACATTTCAGCAGTCCCTTC TAGGATGAGCATTTTCCAAT 807 483 55 
DoucL_PY2_3 chr3:44778934 TGCGTATTTCCACATTTCTGAC GGCACAGCAAATGACTACGTTA 560 250 55 
DoucL_PY2_5 chr2:60397543 CTTCCGCTCTTTTTCACTTTTG CCGAAAGTTCTATTTCAAGTTGG 548 238 55 
DoucL_PY2_9 chr4:54450919 GTCAGTATTTGCCAAGTTGTGG TTGGTTATCCTCCAAAAAGTGC 488 178 55 
DoucL_PY2_12RE chr3:32047688 CCTTGATTTCATCTATGGGCTTA TGACAAGGGAAATAGAAAGATTGA 743 433 60 
DoucL_PY2_13RE chr13:104854571 CAATGGGGACAGCTATTTTTCT CTTTGGGTGTGTAGTTCCCATT 451 141 60 
DoucL_PY2_15 chr16:52997482 CACCCTCCATTCCCTAATTGTA GGGGACTACTCAGCATCTCCTA 549 239 55 
DoucL_PY2_16 chr17:42193854 AGGGGCTAAAGACATATCATGG GGAACAAATCTTACCTCACTACGAA 759 449 54 
DoucL_PY2_17 chr1:203608363 GGTCCACAAATAAAGCTTCACC CCCCTTCATTGTAAGTGCTTTG 535 225 55 
DoucL_PY2_22 chr12:18654883 TGGTGCTCACTATCAGCAATTT TGCTTAAAGTCCATCAACATGC 524 214 55 
DoucL_PY2_21a chr20:41704425 CACATTAGAGGGCGCTAGAGTT TCCTGTTGGTCCTTTGGTAGTT 574 264 55 
DoucL_PY2_21b  CACATTAGAGGGCGCTAGAGTT TCCTGTTGGTCCTTTGGTAGTT 574 264 55 
DoucL_PY2_24a chr10:105895799 AAGTAATGGGGTCTGCAACCTA GGAGGAAGGTTAAAGGGGATTT 543 233 60 
DoucL_PY2_24b  AAGTAATGGGGTCTGCAACCTA GGAGGAAGGTTAAAGGGGATTT 543 233 60 
DoucL_Yd_1 chr18:61243994 TTTTTGTCTACATCAATAAAAAGCAA CCAGCCATGTGTGTACAGTGA 656 346 49 
DoucL_Yd_2RE chr2:158824533 TCCCACTTCCTCTTTTTCTCAG CTTTTATGGTTTTGCGGCTAAT 578 268 60 
DoucL_Yd_5RE chr8:123230360 ATGTGAAGACCTCTGCCCAGTA TCCTTTTGTTCAAACTGCTTCTT 440 130 60 
DoucL_Yd_7Re chr7:113631779 TTAAAGCACCATCTCTGGTCTG CCATGGGTTCTTGGTACAGTG 455 145 50 
DoucL_Yd_10 chr4:154270313 TCAAAGAAGCAGCCTTCAAAA TGCAAAACTCATCTGTGCTGT 610 300 50 
DoucL_Yd_11 chr5:137183533 ACCAATGGGCCAAATCTACTT TCCAGCAAGGTGAATAGGACA 468 158 48 
DoucL_Yd_14Re chr11:68568822 TTTTAAAATGTATGCTCCTTGTCA TCACTGAACTCCTAAATCAGCA 468 158 50 
DoucL_Yd_15 chr3:140446739 CAATCAATGCGATAACAATGG AGTGGGCAGTAGGAACAAGGT 448 138 50 
DoucL_Yd_16 chr2:60020556 CCCTCTGAGCTCCTTCTGAAT TGGGATCAGTCTTTGCTGACT 566 256 50 
DoucL_Yd_18 chr5:115945037 AGTTCCTGGAAAGCTCCATGT CATGCCCTCACTTATGTACCC 691 381 50 
DoucL_Yd_19 chr4:151839461 GGCCTCTTCTTAAAGGGTTTC TGTAGTTTCAGCTAGCATTTACTGAT 695 385 50 
 132
(Table3 cont.)      
DoucL_Yd_20 chr11:24290034 TCAAAACTTGCATTTCTTCACAA CACTTTCAAAATTGCATGAACA 680 370 51 
DoucL_Yd_21 chr14:52024695 TGGGAAGTTTGAAGCCTGATA TGAAGTTCAAAGGCTTAGTTTTATTTT 792 482 57 
DoucL_Yd_22 chr3:38767375 TTTCATTTAACCCTCCAGCTATTT TAACCAAACCTGGCCAGAAC 789 479 50 
DoucL_Yd_24 chr7:81114300 CACACATGTGGCCAACAAATA CCCAGTAACGAAACTGGTGAG 600 290 50 
DoucL_Yd_26  chr8:85012370 CAGCATTGCCTAAGGACAGAA AGGAGTGAAATTTCTGATAAGTTTTG 600 290 50 
DoucL_Yd_27  chr8:57979210 CAAGGGAGGATTCTAAGTCAGG CAAATACCTCTTGAGAGCCAGTG 624 314 60 
DoucL_Yd_28 chr20:30349475 TTGAAAGAACAGGGGAAATCA TATCTGACAGCCCTTGACCTG 685 375 50 
DoucL_Yd_33 chr13:56959199 CTGGCACCCAACATTGTACTT TTGCACTTCCATCTTCATTGC 610 300 48 
DoucL_Yd_36 chr11:20035391 CTCAAGCTTCTCCCCTCCTTA AAGGCACAGGATTCTGCTTTT 434 124 60 
DoucL_Yd_37 chr18:72672905 AAGGGCTGTATGCCGTTTTAT AGGACTGACAACCTGGTATTAAGAA 452 142 55 
DoucL_Yd_34Re chr11:6394538 GGCCATGTTAAGAATTTTGTCT CACTACCATCAAGGACAAAGACC 660 350 50 
Kirk_Yd_1 chr2:21489425 TTTGAGCAAGCTATTGGCATT CATTGTGATGCTGAAGCTGAA 640 330 60 
Kirk_Yd_2Re chr4:7764401 GCCTCACATTCATCTTCCAAAC TCTATGGTTTCTGGAGGTGCTT 530 220 60 
Kirk_Yd_14 chr11:74212267 GCCATGGTAATAAAACACCTTTC CCAAGATTCCGGTGTTCTTTT 897 587 50 
Kirk_Yd_27 chr2:116577719 TCTCCCAACATCCTCAAACAC CCACTTCCCAAACCATGATAA 562 252 50 
Kirk_Yd_33Re chrX:127523203 CTCACAATTTCAGTCTTGTGTGA GGCCTCAGAGAAGAGACTTTCC 464 154 60 
PFL_PY2_2 chr11:111606943 CATGCTCACCTTGTATTCCTTG TGAGGTACTGCTCTGGTGAGTT 664 354 55 
PFL_PY2_7 chr2:1049803 ATCCTGCGGTTCACATTTCTAT GCCAACTTCTTAGAAACAACAGG 560 250 55 
PFL_PY2_9 chr6:123355176 TTCTAAGCAGGACCTAAAAAGCA TCATTTCAGAGATTTTGCTGATG 561 251 55 
PFL_PY2_14RE chrX:14639350 TGCCAAAAACTCAGGTTAAGAGA ATTTTGGGGGAAAACTGCTATC 563 253 60 
PFL_Yd_1 chr14:63230836 GTCAGACAAGGTGTGGAACAA AATGGTTATGTTTGATCTCTTTAACA 466 156 50 
PFL_Yd_8 chr3:154199675 TGTTGTAGAATAATGCCCAGCA TTGTGCTTCAGTTTCCTGACA 503 193 50 
PFL_Yd_11 chr11:75528664 CAAATGCTAACCACCTTGCAT GCCCCATCAAAGAATGTATTTC 555 245 48 
PFL_Yd_14 chr10:130760767 TGGGATTATTAGCAGCGTGAG TGTTGTGTCCTGTCCTGCATA 496 186 60 
PFL_Yd_15 chr15:63007825 TTCAGTTTCATCTGGGAGTGG CATGTGGAGTGACCTGTGTTG 407 97 50 
PFL_Yd_16 chr10:12494471 TCCTCTTTACGGCGACTAGAA CCCAGGCATCTGCTACAACT 790 480 50 
SLL_Yd_1 chr15:24453327 TTTGGGGAACTTACGGTCTTT GAGAAGCCACTCACCATTTGA 554 244 57 
SLL_Yd_2 chr2:149643161 AACACATCAACACATGCCTCA CCTTTGGGTTACTCTCCAGGT 645 335 57 
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SLL_Yd_8 chr16:46418388 CCACCCTTTCCTAAATTTCCA GTCTTGGCTTTCCCTTCTACG 510 200 50 
SLL_Yd_9 chr2:212073019 TGTTTTGCTCTGACCAATTCC CAACCAACGGCCTATCAAGT 570 260 51 
Sll_Yd_18 chr5:50539061 GCATTCTGGACAGTGGTGATT GACGAGATACAATGCTTCTGAAA 897 587 60 
Sll_Yd_20 chr1:214914371 TGGTTAAGTAAAGGGGGTGCT TCATGCTACAACCACAAGCTG 574 264 60 
Sll_Yd_4a chr15:40759804 GCAGGGTAAGGCATGACTAAAA TGAGGGAGAGTGAGTGTGGAT 720 410 50 
Sll_Yd_4b  GCAGGGTAAGGCATGACTAAAA TGAGGGAGAGTGAGTGTGGAT 720 410 50 
SLL_PY2_2 chr8:56075589 TCTGCTGTAGATCGCTCACAAT CTCCCCACCCCTGATTTATTAC 677 367 50 
SLL_PY2_3 chr7:117848805 CGTTCTCATCACACTGTGGTTC ATTGCTACCGAGTTCCAAAGAA 671 361 50 
SLL_PY2_4 chr7:95297809 GTGCAAGTGAACATGTGGCTAT CCACAATTTCTAAGAGGGCAAG 577 267 60 
SLL_PY2_17 chr12:118197378 TGATCCATCCCTCTTAGGAGTC AGATCTCGGTGCCACAAATAGT 694 384 50 
SLL_PY2_23 chr22:16306635 ATAGCCTGCACGAAAAGACCTA CAGGAGTGTTTCTCATTGACCA 513 203 60 
SLL_PY2_25 chr17:56469756 CCTGAGGCTGCTCAGAGAAA TGCTTATACGAGGCAACCTTTA 684 374 55 
PFL_PY2_12a chr19:57421920 CAAATTGTGGCTCCTTCAGTTA GGCAATGTACAGCTAACTCTGCT 525 215 55 
PFL_PY2_12b  CAAATTGTGGCTCCTTCAGTTA GGCAATGTACAGCTAACTCTGCT 525 215 55 
PFL_PY2_29 chrX:29070770 AATCGTAAAACTGCACATCAGG GAAAAGAGCACAACCCAGAAAT 551 241 55 
PFL_PY2_30 chr8:32512799 CCCATGTGCCTTGGTTTAG GGAAGAAAGTTTGGAATGTGTG 553 243 60 
PFL_PY2_34 chr13:67974234 TTTTTGCCCTTTGTATAGATATGA GGAGAAAGATGTTAGGACATTTCA 486 176 55 
N1 chr18:58417497 AGACAGTGTTCACCAAATCCAA GTAAGCAAAATCGTCCTCCATC 660 350 60 
N21 chr2:242183727 ACCACTTTTGCTTGGTTCTCAT TGTCCAGACCAAGAGACATCTG 567 257 60 
N11 chr10:118380329 TGGCAAATTCTCCCTTTATCAC TGAGTAAAGTAATACAAATTGCACCA 570 260 60 
N16 chr11:56721429 CAGATTCAAAGAGGTGATGTCG TAGGTGTCTCAGGATGGTGCTA 540 230 60 
N17 chr1:172065132 ACAGGGATTTCAGAGCACAAGT CAGCTCATTATTCCCAAACACA 530 220 55 
B5 chr6:144730945 CGACCAGGAGAAAAATCCTAAG CCTGTACCATGGCTTTTTATGG 768 458 60 
B9 chr3:193811839 TCCTTAAGGCTAATGCAAGGAC CCTCCATACACAGTGGTAAGAAAA 490 180 55 
B11 chr5:114584227 CGTGTACAGGATTTATGGTGGT ATCCAGTGATTTCCTGTTGTATCA 555 245 50 
B12 chr14:32017959 TGAGATAGGAAATGGAAGAGAAGC CCTGAGTCAATGGAACTCCTTC 550 240 50 
B13 chr16:31815841 CCATTTAACTTCCTCGTTTCCA GGTGACTTTTTGATCAGAGTTGC 570 260 60 
B17 chr12:28151385 ATTTGAAAGCCATTTGCTTAGG TCCTTATTCTTTTCAGGCCACT 550 240 50 
 134
(Table3 cont.)      
N6 chr7:23888495 TGCCAGGAGAAAACTTAAATGA TTAAGGGGAGGAAGTAGGGAAG 550 240 60 
B14 chr8:127080357 AGGTAGACTTCCGTATGATAAAACA CCAAATGTAATGGTTTTTCTTGTGT 560 250 50 
B15 chr7:79330661 TATGTCTTAGGGCTGCAAATCC TGTTAAAAGTGCGGTTCTCAAA 520 210 50 
Nasalis_PY2_23 chr4:86357817 GGGAAAAGGATGAGTGAATCTG TCTTCTCATAGGATGCCAGTCA 661 351 60 
Nasalis_PY2_24 chr7:89657103 TTATGGGCCCAATTTAAGTTTT ATAAAATGGACTTGCCAGATGC 650 340 55 
Nasalis_PY2_25 chr12:97746031 TGCTCCCATTTATGAGGATTTT ATGGGGTTGTCTGTCTGTCTCT 661 351 55 
Nasalis_PY2_27 chr6:43076845 CAAATGTTCCGTTGAGTCCA GAGTCTTGGAAGATGCAGTGA 688 378 60 
Nasalis_PY2_28 chr2:116383219 GTGCTAATCCTTGGCCACAT GAATCTGTCTGCCAAAGTCACA 487 177 60 
Nasalis_PY2_29 chr16:5729229 TTACTCCACACACCCCTTCC CCAAGTTCCCCCTCAGTCAT 578 268 57.4 
Nasalis_PY2_32 chr10:50352041 TTTTGTAAACAGCCAAAGCTCA TTGTTGAAAATATGGCACAAGC 624 314 55 
Nasalis_PY2_33 chr17:48297516 CAGTTAGGTGGCTTAGGGAAAA TCCTATTGGCATTAAAGCATGA 628 318 55 
Nasalis_PY2_36 chr3:194023750 CAGAAATGTGTTTGTGAAGCAG ACCCTAATGGCAACATTCAGTT 706 396 60 
GM1 chr4:84492010 TCACATGTCACTTTCCCTGACT GTTGGAGTGTCAGTGCAGACTT 607 297 55 
GM2 chr8:53658221 TTTTTCCGATGTTCTCAAATGTT AGGGGTTGTTCATTAAAAGTGC 513 203 55 
GM9 chr4:142768774 TCCTGAATTTGAGAATTGACTGAA CATCACACTTATTTCCATGGTG 544 234 55 
GM10 chr7:83419801 GTTTTGCCAGCAGCATTAAAC TAAGGTAAAGGTGGTGGGTGTC 498 188 55 
GM_PY2_10 chr9:13128444 GTGCAGAGAGCACAATGTCTG GTGTGTCCCAAAACTGGGTTA 637 327 55 
GM_PY2_2  chr1:231335601 GGCTGCTGACTTAAACCCTCT CAATTTCAGGCCCATCTCATA 640 330 55 
GM_PY2_4 chr3:77328792 CAAGAGAAATCACACGGAAGC AAAGGGCAAAATATGAGAACAA 567 257 55 
GM_Yd_3 chr15:88242548 CTGGACACTGGTGGAAGAAAA CAGAGAACCCGTTTTTGTGAG 516 206 55 
GM_Yd_8a chr8:18735747 TCATGAGGGACCAGTTAGAAAA TGGTGTTGCCATGTAATCAAG 665 355 50 
GM_Yd_8b  TCATGAGGGACCAGTTAGAAAA TGGTGTTGCCATGTAATCAAG 665 355 50 
PM24 chr12:69163579 TGAGCAGCAGGTTTGGTCTA CATGAAACACAAGGAAGTGGTT 710 400 55 
PM28 chr1:120043316 TATGAAGGGGGAGAAAACAGAA ACAGCAGATGCAGCATTTTAAG 578 268 55 
PM36 chr12:122894279 GTGGGGAGAACAAACATTCAGT ACAGTGGCGATCTTTAGGTGAT 481 171 55 
PM40 chr5:175713963 GGCTCCCTGCTTAACTTTCTCT CTAAAGCCCATTGCTCTGACAT 575 265 55 
PM_PY2_6 chr21:40967311 CCTGAGCACCTACACATGGTT TACCACCAGACCACTCATGTT 693 383 50 
PM_PY2_7 chr17:58328144 GAAGAGAGCTCCAGCTGACAA GAATGATCTGGGGAGTCAACA 433 123 55 
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PM_PY2_8 chr9:81098594 TCTGCATCCTTCACTTCCATC CACAACTGGTCTCCTGGAAAG 541 231 55 
PM_PY2_10 chr5:163143528 GGATTAGATAATGGGGCAACA AACAACAGTTTGGCCACTAGC 664 354 50 
PM_PY2_13 chr2:55348687 TCCTCTGAGCTGGCACATATT CCTGCTAGCCATTCACAAGTT 566 256 50 
PM_PY2_15 chr10:112284544 TGCCATTCATAATGCTTCCAT CTAGATCAGGATGTGGGCTGA 477 167 50 
PM_PY2_16 chr7:129574623 GTGGCCTGATGACATTGAGTT CCATACACCATAGGGACAGGA 638 328 55 
PM_PY2_18 chr20:3624047 GCTCCTGACAAATGTTGGTTC TTGCTTAGCATTCCAGCTGTC 616 306 55 
PM_PY2_19 chr3:134500661 GTTTTATGGCTGCCAAGTCAA ACTGTGGGGAGAAGGAACACT 506 196 50 
PM_Yd_7 chr13:79403861 CCATTCTAGGCACAACTTTGG CATTTTATTTGGGGTGAAGCA 527 217 55 
TA16 chr2:22583693 TGACTGGGTTATAACAGAATTTCA TAGTTGAGCTGACCCTCCAGAT 598 288 51 
TA24 chr17:2449770 GTCAACATAAGAGCCCCAAAAG GCATTTGACTGAACGAAGGATT 563 253 55 
TA26 chr7:120422119 GCTCATGATTCAAACAAACCAA CATTTCCAGATATTGTATCATTTCA 501 191 50 
TA34 chr13:40695186 GGCAACCACATAAACTTGGAA GCGTATGCTTTGTGTACCTTTG 793 483 51 
TA36 chr20:51692220 TTTGAATAGCAGGTGGCTTTG TGGTCTGAGAGCTTTCTTTGG 686 376 51 
TA_PY2_11 chr17:7782469 AGCCAGGTTTGGAACTTGTTG CCAGCCTATAATCGTGAACCA 426 116 50 
TA_PY2_14 chrX:80454018 GCCTGGTTCACAGTTTGGTAA TTGTCAAGGAGTGGGGAAATA 571 261 55 
TA_PY2_17a chr12:118982204 GTCTTGCCTTCTTTTGCACTT TGTGTTTGCTTGAAAATGTCC 740 430 55 
TA_PY2_17b  GTCTTGCCTTCTTTTGCACTT TGTGTTTGCTTGAAAATGTCC 740 430 55 
TA_Yd_4 chr13:96781602 TGGAAGAATCAAAGAGCCAGT ACCTATCCGTTGGTAGGAGGA 648 338 50 
TA_Yd_7 chr16:31236948 TCAGGATAGTGCTTGCCTCAT TGATGCCATAGCAATAAAAAGG 655 345 55 
1. Annealing temperature. 
 
Table B4. Old World monkey specific Alu insertion phylogenetic distributions 
 
Name            Species1 He Ch Si PTM LTM Rh PC PA GB Ag GM PM Ta KC BC DL Na SLL PFL OM
Vervet_2 0- 0 0 1 1 1 1 1 1 ? 1 1 1 ? ? 0 0 0 0 ? 
Vervet_3 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 ? ? 1 1 ? 
Vervet_4 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
Vervet_5 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 
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Vervet_12 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
Vervet_13 0 0 ? 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
Vervet_16 0 0 ? 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
Vervet_18Re 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0 
Vervet_19Re 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
Vervet_21Re 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 ? 
Vervet_22Re 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 
Vervet_29Re 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
Vervet_30Re 0 0 0 0 0 0 0 0 0 0 1 1 0 ? ? 0 0 0 0 0 
Vervet_36Re 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ? 
Vervet_37Re ? ? 0 0 ? 0 0 0 0 ? 1 0 0 0 ? 0 ? 0 0 0 
Vervet_39Re 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
Vervet_40Re 0 0 0 1 1 1 1 1 1 1 1 1 1 ? ? 1 1 1 1 0 
Vervet_41 ? ? 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 ? 
Vervet_42Re 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0 
Vervet_44 ? ? 0 0 0 0 0 0 0 0 1 0 0 0 ? 0 0 0 0 0 
Vervet_45 0 ? ? 0 ? 0 0 0 0 ? 1 0 0 0 ? 0 ? 0 0 0 
Vervet_46Re 0 0 0 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 
Vervet_9 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 ? 1 ? 1 0 
Vervet_11 0 0 0 0 0 0 1 1 1 1 1 1 1 0 0 0 0 0 0 ? 
PapioYa6JX16 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
PapioYa6JX21 0 0 0 ? 1 1 1 1 1 1 1 1 1 0 0 0 0 0 ? 0 
PapioYa6JX26 0 0 0 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 ? 
PapioYa6JX41 0 0 0 1 1 1 1 1 1 1 1 1 ? 0 0 0 0 ? 0 ? 
PapioYJX10 0 0 0 0 0 0 1 1 ? 0 0 0 0 0 0 0 0 0 0 ? 
PapioYJX121 0 0 ? 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0 0 
PapioYJX17 0 ? 0 1 ? 1 1 1 1 ? 1 1 1 0 0 0 0 0 ? ? 
PapioYJX174 0 ? 0 0 0 0 1 1 1 0 0 0 ? 0 0 0 0 0 0 0 
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PapioYJX186 0 0 0 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 ? 
PapioYJX201 0 0 0 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 ? 
PapioYJX202 0 0 0 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 ? 
PapioYJX203 0 0 0 1 1 1 1 1 1 1 1 1 1 ? ? 0 0 0 0 0 
PapioYJX204 0 0 0 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 
PapioYJX36 0 0 0 1 1 1 1 1 1 1 0 0 0 ? ? 0 0 ? ? ? 
PapioYJX53 ? ? ? 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 ? ? 
PapioYJX80 0 0 ? 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 ? 
PapioYJX90 0 ? 0 0 0 0 1 1 1 0 0 0 0 ? 0 0 0 ? ? 0 
YdJXB13 0 0 0 1 1 1 1 1 ? 1 0 0 0 0 0 0 0 0 0 ? 
YdJXB17 0 0 0 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 
YdJXB29 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
YdJXB32 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
YdJXB53 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ? 0 
YdJXB57 0 0 0 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 ? 
YdJXB74 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
YdJXB8 0 0 ? 1 ? 1 1 1 1 1 1 1 1 0 0 0 0 0 0 ? 
YdJXB9a 0 0 0 1 1 ? 1 1 1 1 1 1 ? 0 0 0 0 ? ? 0 
YdJXB23 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 
PapioYJX95_out 0 0 0 1 1 1 1 1 1 1 1 1 1 ? 1 ? 1 1 ? 0 
PapioYJX101a 0 ? 0 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 ? 
PapioYJX101b 0 ? 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 ? 
PapioYdJX82a 0 0 ? 1 1 ? 0 0 0 0 0 0 0 ? 0 ? 0 ? ? ? 
PapioYdJX82b 0 0 ? 0 0 ? 1 1 0 0 0 0 0 ? 0 ? 0 ? ? ? 
PapioYJX196a 0 0 0 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 ? 0 
PapioYJX196b 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 ? 0 
PapioYa6JX12 0 0 0 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 0 
PapioDB_6 0 0 0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0 0 
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PapioDB_16 0 0 0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0 0 
PapioDB4 ? ? ? 0 0 0 1 1 0 0 0 0 0 ? ? 0 0 0 0 ? 
PapioDB24 ? 0 0 0 0 0 1 1 0 0 0 0 ? 0 0 0 0 0 0 ? 
PapioDB38 ? 0 0 0 0 0 1 1 1 0 0 0 0 ? ? 0 ? ? ? ? 
PY316JX1 ? ? ? 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 
PY88JX2 ? ? ? 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 
PY417JX2 ? ? ? 0 0 0 1 1 1 0 0 0 0 0 ? 0 0 ? ? ? 
PY1745JX2 ? ? 0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 ? 
PY575JX1 ? ? ? 0 0 0 1 1 0 0 ? 0 0 ? ? 0 0 0 0 ? 
PY1043JX3 0 0 0 0 0 0 1 1 0 0 0 0 0 0 ? 0 0 ? 0 ? 
PYJX4_11 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 
GB_Yd_1 0 0 0 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 
GB_Yd_3 0 0 0 0 0 0 0 0 1 0 0 0 0 ? ? 0 0 0 0 ? 
GB_Yd_10 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
GB_Yd_29 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 ? 0 ? 
GB_Yd_30 0 0 0 0 0 0 1 1 1 0 0 0 0 0 ? 0 0 0 0 0 
GB_Yd_41 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 ? 
GB_Yd_9a 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 ? 
GB_Yd_9b 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 ? 
GB_Yd_31 0 0 0 0 0 0 0 0 1 0 0 0 0 0 ? 0 0 0 0 0 
GB_Yd_32 0 0 ? 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 ? 
GB_Yd_49 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ? 
GB_Yd_33 0 0 0 0 0 ? 1 1 1 0 0 0 0 0 ? 0 0 0 0 ? 
GB_Yd_13 ? 0 0 1 1 1 1 1 1 1 0 0 0 0 ? 0 0 0 0 ? 
AC124039_6_1 0 0 0 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 ? 
AC130184_3_1 0 0 0 1 1 1 0 0 0 0 0 0 0 0 ? 0 0 0 0 ? 
AC130184_7_1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ? 1 0 
AC130184_8_2 0 0 0 1 1 1 1 1 1 1 ? ? 1 1 1 1 1 1 1 0 
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AC123963_5_1 0 0 0 1 1 1 1 1 1 1 ? 1 1 0 ? 0 ? ? ? ? 
AC123963_7_1 0 0 0 1 1 1 1 1 1 1 ? 1 1 0 0 0 0 0 0 0 
AC123963_7_2a 0 0 0 1 1 1 1 1 1 1 1 1 1 0 0 0 ? 0 0 ? 
AC123963_7_2b 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 ? 0 0 ? 
Han1_b4 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
HydJXL1 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
HydJXL15 0 0 0 1 1 1 0 0 0 ? 0 0 0 0 ? 0 0 ? 0 ? 
HydJXP14 0 0 0 1 1 0 0 0 0 0 0 0 ? 0 ? 0 0 0 0 ? 
HydJXR11 0 0 0 1 1 1 1 1 ? 1 1 1 1 ? ? 0 0 ? 0 ? 
YdJXRh6a 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 ? 0 ? 
YdJXRh6b 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 ? 0 ? 
YdJXRh10 0 0 ? 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 
YdJXPT8 0 0 ? 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
YdJXPT15 0 0 ? 1 1 0 0 0 0 0 0 0 0 0 0 0 0 ? ? ? 
YdJXPT16 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
YdJXPT17 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
YdJXPT27 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
YdJXRh20 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 ? 
YdJXRh4 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 ? 
YdJXPT10 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ? 
YdJXPT13 0 0 0 1 1 0 ? ? 0 0 0 0 0 0 0 0 0 0 0 ? 
PTMacYd2 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
PTMacYd5 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ? 
Agilis_Yd_2 0 0 ? 0 0 0 0 0 0 1 0 0 0 ? ? ? ? ? ? 0 
Agilis_Yd_3 0 0 0 0 0 ? 0 0 0 1 ? ? ? 0 0 0 0 0 0 ? 
Agilis_Yd_5 0 0 0 0 0 0 0 0 0 1 0 0 0 0 ? 0 0 0 0 0 
Agilis_Yd_8 0 0 0 1 1 1 1 1 1 1 1 1 ? 0 0 0 0 0 0 0 
Agilis_Yd_40 0 0 ? 0 0 ? 0 0 0 1 0 0 0 ? ? 0 0 0 0 0 
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Agilis_Yd_41 0 0 0 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 
Agilis_Yd_52 0 0 0 0 0 ? 0 0 0 1 0 0 0 0 ? 0 0 0 0 ? 
Agilis_Yd_66 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
Agilis_Yd_39 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
Agilis_Yd_70 0 0 0 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 
Agilis_Yd_77 0 0 0 1 1 1 1 1 1 1 ? 1 1 1 1 1 1 1 1 0 
Agilis_Yd_57 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 ? 0 0 0 ? 
Agilis_Yd_59 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
Agilis_Yd_73 0 0 0 0 0 0 0 0 ? 1 0 0 0 0 0 0 0 0 0 0 
Agilis_Yd_63 0 0 0 0 0 0 0 0 0 1 0 0 0 0 ? 0 0 0 0 ? 
Agilis_Yd_64 0 0 0 1 1 1 1 1 1 1 1 1 1 ? ? ? 0 0 0 0 
Agilis_Yd_68 0 0 0 0 ? ? 1 1 1 1 ? ? 0 0 0 0 0 0 0 ? 
Agilis_Yd_14 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
Agilis_Yd_22 0 0 0 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 
Agilis_Yd_24 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
Agilis_Yd_31 0 0 0 1 1 1 1 1 1 1 ? 1 1 1 1 1 1 1 1 ? 
Agilis_Yd_33 0 0 0 0 0 0 0 0 0 1 0 0 0 0 ? ? ? 0 ? ? 
Agilis_Yd_85 0 0 0 0 0 0 0 0 0 1 0 0 0 0 ? 0 0 0 0 0 
Agilis_Yd_88 ? 0 0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 ? 0 ? 
Agilis_Yd_88b ? 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 ? 0 ? 
Agilis_Yd_90 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
Agilis_Yd_82 ? 0 0 0 ? 0 0 0 ? 1 0 0 0 0 0 0 0 ? ? 0 
Agilis_Yd_100a 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 ? 
Agilis_Yd_100b 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 ? 
Agilis_Yd_84 0 0 0 1 1 1 1 1 1 1 0 0 0 0 ? ? 0 0 0 0 
Agilis_Yd_92 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
Agilis_Yd_94 0 0 0 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 
Agilis_Yd_104 0 0 0 1 1 1 1 1 1 1 0 0 0 0 0 0 ? 0 0 ? 
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Agilis_Yd_108 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 ? ? ? ? ? 
Agilis_Yd_117 0 0 0 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 
Agilis_Yd_10RE 0 0 0 0 0 0 0 0 0 1 0 1 1 0 ? 0 0 0 0 ? 
Agilis_Yd_114 ? ? 0 1 1 1 1 1 1 1 0 1 1 0 0 0 0 0 0 ? 
CA_15 0 0 0 0 0 0 0 0 0 1 0 0 0 ? 0 0 ? ? 0 ? 
CA_20 0 0 0 1 1 1 ? ? 1 1 1 1 1 0 0 0 0 0 ? 0 
CA_24 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
CA_29 0 0 0 0 0 0 0 0 0 1 ? ? 0 0 0 0 0 0 0 ? 
CA_b10 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
Agilis_PY2_36 0 0 0 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 
Agilis_PY2_51 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ? 
Agilis_PY2_52 0 0 0 0 ? 0 0 0 0 1 0 0 0 0 0 0 0 0 0 ? 
Agilis_PY2_45 0 0 ? 1 1 1 ? ? ? 1 1 1 1 1 1 1 1 1 1 0 
Agilis_PY2_43 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
Ye5AH52 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 ? 0 0 0 0 
Ye5AH56 1 1 1 0 0 0 0 0 0 0 0 0 0 0 ? 0 0 0 0 0 
Ye5AH68 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ye5AH115 1 1 0 0 0 0 0 0 0 0 0 0 0 0 ? 0 0 ? 0 0 
Ye5AH147 1 1 1 ? ? 0 0 0 0 0 0 0 ? 0 ? 0 0 ? ? 0 
Ye5AH148 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ? 0 0 
Ye5AH170 1 1 0 0 0 0 0 0 0 0 0 0 0 0 ? 0 0 ? 0 0 
Ye5AH172 1 1 1 0 0 0 0 0 ? 0 0 0 0 0 0 0 0 0 0 0 
Ye5AH134 1 1 0 0 0 0 0 0 0 0 0 0 0 0 ? 0 0 0 0 ? 
Ye5AH146 1 1 0 0 0 0 0 0 0 0 0 0 0 0 ? 0 0 0 ? ? 
Ye5AH44 1 1 0 0 0 0 0 0 0 0 0 0 0 0 ? 0 0 0 0 0 
Ye5AH153 1 1 0 0 0 0 0 0 0 0 0 0 0 0 ? 0 0 ? 0 ? 
DoucL_PY2_3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ? 1 1 1 1 ? 
DoucL_PY2_5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ? 1 0 0 0 ? 
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DoucL_PY2_9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
DoucL_PY2_12RE 0 0 ? 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 ? 
DoucL_PY2_13RE 0 0 ? 0 0 ? 0 0 0 0 0 0 0 0 0 1 1 0 0 ? 
DoucL_PY2_15 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
DoucL_PY2_16 0 0 0 0 0 0 ? ? 0 0 0 0 0 0 0 1 1 1 ? 0 
DoucL_PY2_17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
DoucL_PY2_22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 
DoucL_PY2_21a 0 0 0 0 0 0 0 0 0 0 ? 0 0 0 ? 1 1 1 1 0 
DoucL_PY2_21b 0 0 0 0 0 0 1 1 0 0 ? 0 0 0 ? 0 0 0 0 0 
DoucL_PY2_24a 0 0 0 1 1 1 1 1 1 1 0 0 0 0 0 0 0 ? 0 0 
DoucL_PY2_24b 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 ? 0 0 
DoucL_Yd_1 0 ? 0 0 0 0 0 0 0 0 0 ? ? 0 0 0 0 1 0 ? 
DoucL_Yd_2RE 0 0 0 0 0 0 0 0 0 0 0 0 0 ? ? 1 1 1 1 ? 
DoucL_Yd_5RE 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 
DoucL_Yd_7Re 0 0 0 1 1 1 1 1 1 1 1 1 1 ? 1 1 1 1 1 0 
DoucL_Yd_10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 ? 
DoucL_Yd_11 0 0 ? 1 1 1 1 1 1 1 ? ? 1 1 ? 1 1 1 ? 0 
DoucL_Yd_14Re 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 ? 
DoucL_Yd_15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
DoucL_Yd_16 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 ? 
DoucL_Yd_18 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
DoucL_Yd_19 ? 0 0 1 1 1 1 1 1 1 1 1 1 1 ? 1 1 1 1 0 
DoucL_Yd_20 0 0 ? 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 
DoucL_Yd_21 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 ? 
DoucL_Yd_22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ? 1 ? 1 1 ? 
DoucL_Yd_24 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
DoucL_Yd_26 0 0 0 1 1 1 1 1 1 1 1 1 1 1 ? 1 1 1 1 0 
DoucL_Yd_27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 ? ? 0 
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DoucL_Yd_28 0 0 0 0 ? 0 0 0 0 0 0 0 0 1 ? 1 1 1 1 ? 
DoucL_Yd_33 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
DoucL_Yd_36 0 0 0 0 ? 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 
DoucL_Yd_37 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 ? 
DoucL_Yd_34Re 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ? 0 
Kirk_Yd_1 0 0 0 0 0 0 0 0 0 0 0 ? 0 1 1 0 0 0 0 0 
Kirk_Yd_2Re 0 ? 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 ? 
Kirk_Yd_14 0 0 0 0 0 0 0 0 0 0 0 ? 0 1 1 0 0 0 0 ? 
Kirk_Yd_27 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 
Kirk_Yd_33Re 0 0 ? 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 ? 
PFL_PY2_2 0 0 0 0 0 0 0 0 ? 0 0 0 0 0 0 0 0 1 1 ? 
PFL_PY2_7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 ? 
PFL_PY2_9 0 0 0 ? 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 
PFL_PY2_14RE 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 
PFL_Yd_1 0 0 0 0 0 0 0 0 0 0 ? ? 0 0 0 1 1 1 1 ? 
PFL_Yd_8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 ? 
PFL_Yd_11 ? 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 ? 
PFL_Yd_14 0 0 0 0 0 0 0 0 0 0 0 ? ? ? ? 1 1 1 1 ? 
PFL_Yd_15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 
PFL_Yd_16 ? 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 ? 
SLL_Yd_1 ? ? 0 ? ? ? 0 0 0 0 0 0 0 1 1 1 1 1 1 0 
SLL_Yd_2 0 0 0 0 0 0 0 0 0 0 0 0 ? 0 ? 1 1 ? 1 ? 
SLL_Yd_8 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 ? 
SLL_Yd_9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 
Sll_Yd_18 0 ? 0 0 0 0 0 0 0 0 ? 0 0 0 0 0 0 1 1 ? 
Sll_Yd_20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 
Sll_Yd_4a ? 0 0 0 0 0 0 0 ? 0 0 0 0 0 ? 1 1 1 1 ? 
Sll_Yd_4b ? 0 0 0 0 1 0 0 ? 0 0 0 0 0 ? 0 0 0 0 ? 
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SLL_PY2_2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 
SLL_PY2_3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 ? 
SLL_PY2_4 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
SLL_PY2_17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 
SLL_PY2_23 0 0 0 0 0 0 0 0 0 0 ? 0 0 0 0 0 0 1 1 ? 
SLL_PY2_25 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 0 
PFL_PY2_12a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ? 0 0 0 1 ? 
PFL_PY2_12b 0 0 0 0 0 0 0 0 0 0 0 0 1 0 ? 0 0 0 0 ? 
PFL_PY2_29 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
PFL_PY2_30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 ? 
PFL_PY2_34 0 0 0 0 0 0 0 0 0 0 0 0 0 ? ? 1 1 1 1 ? 
N1 0 0 0 0 0 0 0 0 0 0 0 0 0 ? 0 0 1 0 0 ? 
N21 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 ? 
N11 0 0 ? 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 ? 
N16 0 0 0 0 0 ? 0 0 0 0 0 0 0 1 1 1 1 1 1 0 
N17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 
B5 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 ? 
B9 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 
B11 0 ? 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 
B12 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 ? 0 ? 0 0 
B13 0 0 0 0 0 0 ? ? ? ? 0 0 0 1 1 0 0 0 0 ? 
B17 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ? 
N6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ? 1 1 0 0 0 
B14 0 0 0 0 0 ? 0 0 0 ? ? 0 0 1 1 ? 0 0 0 ? 
B15 0 0 0 ? 0 0 0 0 0 0 0 ? 0 1 1 0 0 0 0 0 
Nasalis_PY2_23 0 0 ? 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 
Nasalis_PY2_24 0 0 ? 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
Nasalis_PY2_25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
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Nasalis_PY2_27 0 0 0 0 0 0 0 0 0 0 0 0 0 ? ? 1 1 1 1 0 
Nasalis_PY2_28 0 0 0 0 0 0 0 0 0 0 ? 0 0 0 0 1 1 1 1 ? 
Nasalis_PY2_29 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 ? 
Nasalis_PY2_32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 
Nasalis_PY2_33 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
Nasalis_PY2_36 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 ? 
GM1 0 ? 0 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 ? 
GM2 ? 0 0 1 1 1 1 1 ? ? 1 1 ? 0 0 0 ? 0 0 ? 
GM9 0 0 0 1 1 1 1 1 1 1 1 1 1 1 ? ? ? ? ? 0 
GM10 0 0 0 1 1 1 1 1 1 1 1 1 1 1 ? 1 1 1 1 0 
GM_PY2_10 0 ? 0 1 1 1 1 1 1 1 1 1 1 0 ? 0 0 0 0 ? 
GM_PY2_2 0 0 0 1 1 1 1 1 1 1 1 1 1 1 ? 1 1 1 1 0 
GM_PY2_4 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 ? 
GM_Yd_3 0 0 ? 0 0 0 0 0 0 0 1 0 0 0 0 0 0 ? 0 0 
GM_Yd_8a 0 0 0 0 0 0 0 0 0 0 1 0 0 ? ? ? 0 ? ? 0 
GM_Yd_8b 0 0 0 0 0 0 0 0 1 0 0 0 0 ? ? ? 0 ? ? 0 
PM24 0 ? 0 0 ? 0 0 0 0 ? ? 1 0 0 ? 0 ? ? 0 ? 
PM28 0 ? 0 1 1 1 ? ? ? 1 1 1 1 1 1 1 1 1 1 0 
PM36 0 0 ? 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 
PM40 0 0 0 0 0 0 0 0 0 0 ? 1 1 ? ? ? ? ? ? ? 
PM_PY2_6 0 ? 0 0 0 0 0 0 0 0 1 1 1 0 ? 0 0 0 0 0 
PM_PY2_7 0 0 0 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 
PM_PY2_8 0 0 0 1 1 1 1 1 1 1 1 1 1 1 ? 1 1 1 1 ? 
PM_PY2_10 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
PM_PY2_13 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 
PM_PY2_15 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 ? 
PM_PY2_16 ? ? ? 0 0 0 ? ? 0 0 0 1 0 0 0 0 0 0 0 ? 
PM_PY2_18 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 ? 
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PM_PY2_19 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 
PM_Yd_7 0 0 0 1 1 1 1 1 1 ? 1 1 1 0 0 0 0 0 0 0 
TA16 ? 0 0 1 1 1 1 1 1 1 1 1 1 ? ? ? ? 1 ? ? 
TA24 ? ? 0 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 
TA26 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
TA34 0 0 0 1 1 1 1 1 1 1 1 1 1 0 ? 0 0 0 ? ? 
TA36 0 0 0 1 1 1 1 1 1 1 1 1 1 1 ? 1 1 1 ? 0 
TA_PY2_11 0 0 ? 0 0 0 0 0 0 0 1 1 1 0 ? 0 0 0 0 ? 
TA_PY2_14 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 ? 
TA_PY2_17a 0 ? 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
TA_PY2_17b 0 ? 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
TA_Yd_4 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 ? 
TA_Yd_7 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 ? ? 0 
1. Abbreviation: He: Homo sapiens;Ch: Pan troglodytes; Si: Hylobates syndactylus; PTM: Macaca nemestrina; LTM: Macaca silenus; Rh: 
Macaca mulatta; PC: Papio cynocephalus; PA: Papio anubis; GB: Theropithecus gelada; Ag: Cercocebus agilis; GM: Chlorocebus aethiops; 
PM: Erythrocebus patas; TA: Miopithecus talapoin; KC: Colobus guereza kikuyuensis; BC: Colobus guereza;  DL: Pygathrix nemaeus; Na: 
Nasalis larvatus; SLL: Trachypithecus cristatus; PFL: Trachypithecus vetulus nestor; OM: Aotus trivirgatus. 
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